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Preface  to  the  First  Edition 


The  material  in  this  book,  which  is  the  result  of  a  10-year  experience  obtained  in  teaching 
courses  related  to  radiation  measurements  at  the  University  of  Missouri-Rolla,  is  intended 
to  provide  an  introductory  text  on  the  subject.  It  includes  not  only  what  I  believe  the  begin¬ 
ner  ought  to  be  taught  but  also  some  of  the  background  material  that  people  involved  in  radiation 
measurements  should  have.  The  subject  matter  is  addressed  to  upper-level  undergraduates  and 
first-year  graduate  students.  It  is  assumed  that  the  students  have  had  courses  in  calculus  and 
differential  equations  and  in  basic  atomic  and  nuclear  physics.  The  book  should  be  useful  to  stu¬ 
dents  in  nuclear,  mechanical,  and  electrical  engineering,  physics,  chemistry  (for  radiochemistry), 
nuclear  medicine,  and  health  physics;  to  engineers  and  scientists  in  laboratories  using  radiation 
sources;  and  to  personnel  in  nuclear  power  plants. 

The  structure  and  the  contents  of  the  book  are  such  that  the  person  who  masters  the  material 
will  be  able  to 

1.  Select  the  proper  detector  given  the  energy  and  type  of  particle  to  be  counted  and  the 
purpose  of  the  measurement. 

2.  Analyze  the  results  of  counting  experiments,  that  is,  calculate  errors,  smooth  results, 
unfold  energy  spectra,  fit  results  with  a  function,  and  so  on. 

3.  Perform  radiation  measurements  following  proper  health  physics  procedures. 

Chapter  1  defines  the  energy  range  of  the  different  types  of  radiation  for  which  instruments 
and  methods  of  measurement  are  considered;  it  gives  a  brief  discussion  of  errors  that  emphasizes 
their  importance;  and,  finally,  it  presents  a  very  general  description  of  the  components  of  a  count¬ 
ing  system.  This  last  part  of  the  chapter  is  necessary  because  a  course  on  radiation  measurements 
involves  laboratory  work,  and  for  this  reason  the  students  should  be  familiar  from  the  very  begin¬ 
ning  with  the  general  features  and  functions  of  radiation  instruments. 

Chapter  2  addresses  the  very  important  subject  of  errors.  Since  all  experimental  results  have 
errors,  and  results  reported  without  their  corresponding  errors  are  meaningless,  this  chapter  is 
fundamental  for  a  book  such  as  this  one.  Further  discussion  of  errors  caused  by  the  analysis  of 
the  results  is  presented  in  Chapter  11. 
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Chapters  3  and  4  constitute  a  quick  review  of  material  that  should  have  been  covered  in 
previous  courses.  My  experience  has  been  that  students  need  this  review  of  atomic  and  nuclear 
physics  and  of  penetration  of  radiation  through  matter.  These  two  chapters  can  be  omitted  if  the 
instructor  feels  that  the  students  know  the  subject. 

Chapters  5  through  7  describe  the  different  types  of  radiation  detectors.  Full  chapters 
have  been  devoted  to  gas-filled  counters,  scintillation  detectors,  and  semiconductor  detectors. 
Detectors  with  “special”  functions  are  discussed  in  Chapter  17. 

The  subject  of  relative  and  absolute  measurements  is  presented  in  Chapter  8.  The  solid  angle 
(geometry  factor)  between  source  and  detector  and  effects  due  to  the  source  and  the  detector  such  as 
efficiency,  backscattering,  and  source  self-absorption  are  all  discussed  in  detail. 

Chapter  9  is  an  introduction  to  spectroscopy.  It  introduces  and  defines  the  concepts  used 
in  the  next  four  chapters.  Chapter  10  discusses  the  features  of  the  electronic  components  of  a 
counting  system  that  are  important  in  spectroscopy.  Its  objective  is  not  to  make  the  reader  an 
expert  in  electronics  but  to  show  how  the  characteristics  of  the  instruments  may  influence  the 
measurements. 

Chapter  11  presents  methods  of  analysis  of  experimental  data.  Methods  of  curve  fitting,  of 
interpolation,  and  of  least-squares  fitting  are  discussed  concisely  but  clearly.  A  general  discussion 
of  folding,  unfolding,  and  data  smoothing,  which  are  necessary  tools  in  analysis  of  spectroscopic 
measurements,  occupies  the  second  half  of  this  chapter.  Special  methods  of  unfolding  for  pho¬ 
tons,  charged  particles,  and  neutrons  are  further  discussed  in  Chapters  12  through  14,  which  also 
cover  spectroscopy.  Individual  chapters  are  devoted  to  photons,  charged  particles,  and  neutrons. 
All  the  factors  that  affect  spectroscopic  measurements  and  the  methods  of  analysis  of  the  results 
are  discussed  in  detail. 

Chapter  15  is  devoted  to  activation  analysis,  a  field  with  wide-ranging  applications.  Health 
physics  is  discussed  in  Chapter  16. 1  feel  that  every  person  who  handles  radiation  should  know  at 
least  something  about  the  effects  of  radiation,  radiation  units,  and  regulations  related  to  radiation 
protection.  This  chapter  may  be  omitted  if  the  reader  has  already  studied  the  subject. 

Chapter  17  deals  with  special  detectors  and  spectrometers  that  have  found  applications  in 
many  different  fields  but  do  not  fit  in  any  of  the  previous  chapters.  Examples  are  the  self-powered 
detectors,  which  may  be  gamma  or  neutron  detectors,  fission  track  detectors,  thermolumines¬ 
cent  dosimeters,  photographic  emulsions,  and  others. 

The  problems  at  the  end  of  each  chapter  should  help  the  student  understand  the  concepts 
presented  in  the  text.  They  are  arranged  not  according  to  difficulty  but  in  the  order  of  presenta¬ 
tion  of  the  material  needed  for  their  solution. 

The  appendixes  at  the  end  of  the  book  provide  useful  information  to  the  reader. 

I  use  the  SI  (metric)  units  with  the  exception  of  some  well-established  nonmetric  units,  which, 
it  seems,  are  here  to  stay.  Examples  are  MeV,  keV,  and  eV  for  energy;  the  barn  for  cross  sections; 
the  Curie;  and  the  rem.  These  units  are  given  in  parentheses  along  with  their  SI  counterparts. 

Writing  a  book  is  a  tremendous  undertaking,  a  task  too  big  for  any  single  person.  I  was  for¬ 
tunate  to  have  been  helped  by  many  individuals,  and  it  gives  me  great  pleasure  to  recognize  them 
here.  First  and  foremost,  I  thank  all  the  former  students  who  struggled  through  my  typed  notes 
when  they  took  the  radiation  measurements  course  at  the  University  of  Missouri-Rolla.  Their 
numerous  critical  comments  are  deeply  appreciated.  I  thank  my  colleagues,  Dr.  D.  Ray  Edwards 
for  his  continuous  support,  Dr.  G.  E.  Mueller  for  his  many  useful  suggestions,  and  Drs.  A.  E.  Bolon 
and  T.  J.  Dolan  for  many  helpful  discussions  over  the  last  10  years.  I  also  thank  Dr.  R.  H.  Johnson 
of  Purdue  University  for  reviewing  certain  chapters.  I  especially  thank  my  dear  friend  Professor  B. 
W.  Wehring  of  the  University  of  Illinois  for  numerous  lengthy  discussions  following  his  detailed 
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critical  review  of  most  of  the  chapters.  I  am  grateful  to  Mrs.  Susan  Elizagary  for  expertly  typing 
most  of  the  manuscript  and  to  Mrs.  Betty  Volosin  for  helping  in  the  final  stages  of  typing. 

No  single  word  or  expression  of  appreciation  can  adequately  reflect  my  gratitude  to  my  wife 
Zizeta  for  her  moral  support  and  understanding  during  the  last  three  painstaking  years,  and  to 
my  children  Steve  and  Lena  for  providing  pleasant  and  comforting  distraction. 

Nicholas  Tsoulfanidis 
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or  an  author  it  is  very  gratifying  to  discover  that  a  technical  book  is  still  relevant  more  than 


rlO  years  after  it  was  first  published.  This  is  the  case  with  this  book  because  it  addresses  the 
fundamentals  of  nuclear  radiation  counting,  which  have  not  significantly  changed  during 
that  period  of  time.  Like  the  first  edition,  this  book  is  written  for  persons  who  have  no  prior 
knowledge  of  radiation  counting.  These  include  undergraduate  students  in  nuclear  science  and 
engineering;  first-year  graduate  students  who  enter  this  field  from  another  discipline;  health 
physicists  and  health  physics  technicians;  nuclear  medicine  technical  personnel;  and  scientists, 
engineers,  and  technicians  in  laboratories  where  atomic  and  nuclear  radiation  are  used.  In  addi¬ 
tion,  according  to  comments  from  former  students  and  colleagues,  the  book  has  proven  to  be  an 
excellent  reference. 

The  second  edition  follows  the  same  guidelines  as  the  first — namely  simplicity  in  writing 
and  use  of  many  examples.  The  main  structural  change  is  the  elimination  of  Chapter  17  (Special 
Detectors  and  Spectrometers)  and  the  relocation  of  the  material  in  appropriate  chapters.  For 
example,  rate  meters  and  gas-filled  detectors  are  now  discussed  in  Chapter  5.  Self-powered  detec¬ 
tors  are  now  included  in  Chapter  14  along  with  other  neutron  detectors.  Chapter  16  deals  with 
solid-state  track  recorders  and  thermoluminescent  dosimeters. 

As  should  be  expected,  all  chapters  have  been  corrected  for  errors,  revised  for  clarifica¬ 
tion,  and  new  examples  have  been  added  as  needed.  The  more  substantive  revisions  were  made 
in  the  following  chapters:  In  Chapter  2  there  is  now  a  better  explanation  of  the  %2  procedure 
and  the  minimum  detectable  activity  (MDA).  In  Chapter  4,  relative  to  the  stopping  power  of 
charged  particles,  there  is  a  more  detailed  discussion  and  presentation  of  the  latest  formulas 
of  gamma-ray  build-up  factors.  The  long  range  alpha  detector  (LRAD),  a  clever  new  counter 
of  alpha  radiation,  is  introduced  in  Chapter  5.  In  Chapter  7,  pure  germanium  detectors,  which 
are  prominent  devices  for  the  detection  of  gamma  rays,  are  introduced.  In  Chapter  12,  the  lat¬ 
est  information  about  Ge  detectors  is  presented.  Magnetic  and  electrostatic  spectrometers  and 
the  position-sensitive  detectors  are  included  in  Chapter  13.  In  Chapter  14,  the  LSL-M2  unfold¬ 
ing  code  is  introduced  as  well  as  compensated  ion  chambers  and  self-powered  neutron  detec¬ 
tors.  Chapter  16  is  almost  completely  rewritten.  There  is  an  improved  presentation  in  the  dose 
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rate  calculation,  detailed  discussion  of  the  new  protection  guides  and  exposure  limits,  and  an 
expanded  list  of  dosimeters. 

I  am  grateful  to  Dr.  Eiji  Sakai  who  translated  the  first  edition  into  Japanese  and  in  doing  so 
discovered  several  typos  and,  more  importantly,  offered  many  suggestions  that  are  incorporated 
into  the  second  edition  and  make  it  better. 

Nicholas  Tsoulfanidis 
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The  field  of  nuclear  instrumentation  has  greatly  increased  both  in  basic  research  and  appli¬ 
cations  since  the  appearance  of  the  second  edition  of  this  book.  With  the  miniaturization 
of  equipment  and  increased  speed  of  electronic  components,  radiation  detection  systems 
are  now  more  productively  used  in  many  disciplines.  In  particular,  areas  of  nuclear  nonprolif¬ 
eration,  homeland  security,  and  nuclear  medicine  all  have  benefitted  from  these  technological 
advances.  With  the  emergence  of  the  Internet  in  the  1990s,  the  dissemination  of  information  is 
also  much  readily  available.  While  the  number  of  nuclear  engineering  programs  has  remained 
more  or  less  constant  in  the  United  States,  over  the  last  20  years,  there  are  now  many  new  aca¬ 
demic  programs  that  have  nuclear  and  science  and  engineering  as  part  of  their  undergraduate 
curriculum.  These  programs  reside  in  engineering,  chemistry,  and  general  science  departments; 
in  Canada  and  Europe  new  complete  nuclear  engineering  programs  have  emerged.  While  there 
are  also  new  research  reactors,  many  newer  countries  also  have  fully  developed  radiation  pro¬ 
tection  programs.  Currently,  there  are  many  countries  in  the  developing  world  that  have  shown 
an  interest  in  pursuing  nuclear  power,  for  example,  China  and  India  that  are  on  the  road  of  an 
aggressive  nuclear  power  expansion.  All  these  nuclear-related  programs  and  activities  require  at 
least  one  course  in  radiation  detection;  thus,  the  need  for  a  textbook  in  this  field  is  still  of  para¬ 
mount  importance  in  an  educational  and  training  setting. 

While  several  recent  books  have  appeared  on  the  market  in  radiation  detection  and  measure¬ 
ments,  they  are  much  better  suited  for  the  advanced  student  or  as  a  reference  book.  This  third 
edition  remains  fundamentally  as  an  undergraduate  or  first-year  graduate  text  book  and  will 
serve  very  well  the  many  new  students  entering  the  nuclear  field  from  the  various  disciplines  of 
nuclear  science  and  engineering. 

In  the  third  edition,  Sheldon  Landsberger  was  invited  to  become  a  co-author;  we  have  fol¬ 
lowed  the  same  guidelines  as  the  first  two— appreciation  of  the  fundamentals  of  nuclear  inter¬ 
actions  and  radiation  detection  with  a  multitude  of  examples  and  problems.  The  main  changes 
in  this  third  edition  include  the  introduction  of  a  new  chapter  titled  “Latest  Applications  of 
Radiation  Detection”  with  topics  such  as  nuclear  medicine,  dosimetry,  health  physics,  nonpro¬ 
liferation,  and  homeland  security;  several  sections  in  the  second  edition  have  been  eliminated 
to  be  more  consistent  with  today’s  state  of  radiation  measurements;  all  the  references  have  been 
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checked  for  relevance;  some  were  kept,  many  new  ones  have  been  added;  the  bibliography  was 
completely  updated  and  web  site  addresses  are  provided  in  many  chapters. 

We  are  grateful  to  the  comments  expressed  by  the  reviewers  of  our  proposal  for  the  third 
edition,  especially  suggestions  for  improvements.  Both  of  us  are  especially  appreciative  of  the 
encouragement  we  have  received  from  our  peers  to  update  this  book. 

Nicholas  Tsoulfanidis 
Sheldon  Landsberger 
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Since  2011,  when  the  third  edition  of  this  book  appeared,  no  sweeping  changes  have  mate¬ 
rialized;  instead,  there  have  been  incremental  advances  in  the  field  of  radiation  detection. 
Hence,  the  most  notable  difference  between  the  prior  edition  and  this  one  is  the  complete 
reformulation  of  the  last  chapter  of  the  third  edition. 

For  this  fourth  edition,  in  the  first  16  chapters,  essential  corrections,  additions,  and  changes 
have  been  made,  the  references  and  bibliography  have  been  updated  as  needed,  and  some  new 
problems  have  been  added.  Chapter  17,  previously  titled  “Applications  of  Radiation  Detection” 
has  been  completely  revamped,  transformed  into  two  new  chapters  on  nuclear  forensics  (Chapter 
17)  and  instrumentation  in  nuclear  medicine  (Chapter  18). 

We  do  not  claim  to  give  complete  coverage  of  these  two  topics;  for  each  one  of  them,  whole 
books  have  been  published.  Rather,  our  aim  has  been  to  present  the  reader  with  basic  principles 
and  applications.  For  details,  the  reader  may  consult  the  references  and  bibliography  given  at  the 
end  of  each  chapter.  In  the  problem  section  of  the  last  two  chapters,  we  have  taken  a  different 
approach  by  asking  questions  that  are  more  open-ended  to  encourage  the  student  to  research  the 
Internet  for  more  insight  into  the  answers. 

We  appreciate  very  much  the  comments  we  received  from  the  reviewers  of  our  proposal  for 
this  edition.  As  much  as  possible,  we  have  incorporated  their  comments.  It  is  our  hope  that  this 
edition  will  prove  to  be  as  useful  and  popular  to  students  and  nuclear  professionals,  as  the  previ¬ 
ous  ones. 

Nicholas  Tsoulfanidis 
Sheldon  Landsberger 
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Introduction  to  Radiation 

Measurements 


1.1  WHAT  IS  MEANT  BY  RADIATION? 

The  word  radiation  was  used  until  about  1900  to  describe  electromagnetic  waves.  Around 
the  beginning  of  that  century,  electrons,  x-rays,  and  natural  radioactivity  were  discovered 
and  were  also  included  under  the  umbrella  of  the  term  radiation.  The  newly  discovered 
radiation  showed  characteristics  of  particles,  in  contrast  to  the  electromagnetic  radiation, 
which  was  treated  as  a  wave.  In  the  1920s,  de  Broglie  developed  his  theory  of  the  duality  of 
matter,  which  was  soon  afterward  proved  correct  by  electron  diffraction  experiments,  and 
the  distinction  between  particles  and  waves  ceased  to  be  important.  Today,  radiation  refers 
to  the  whole  electromagnetic  spectrum  as  well  as  to  all  the  atomic  and  subatomic  particles 
that  have  been  discovered. 

One  of  the  many  ways  in  which  different  types  of  radiation  are  grouped  together  is  in 
terms  of  ionizing  and  nonionizing  radiation.  The  word  ionizing  refers  to  the  ability  of  the 
radiation  to  ionize  an  atom  or  a  molecule  of  the  medium  it  traverses. 

Nonionizing  radiation  is  electromagnetic  radiation  with  wavelength  X  of  about  10  nm 
or  longer.  That  part  of  the  electromagnetic  spectrum  includes  radiowaves,  microwaves,  vis¬ 
ible  light  {X  =  770  -  390  nm),  and  ultraviolet  light  (X  =  390  -  10  nm). 

Ionizing  radiation  includes  the  rest  of  the  electromagnetic  spectrum  (x-rays, 
X  ~  0.01  —  10  nm)  and  y-rays  with  wavelength  shorter  than  that  of  x-rays.  It  also  includes  all 
the  atomic  and  subatomic  particles,  such  as  electrons,  positrons,  protons,  alphas,  neutrons, 
heavy  ions,  and  mesons. 

The  material  in  this  text  refers  only  to  ionizing  radiation.  Specifically,  it  deals  with 
detection  instruments  and  methods,  experimental  techniques,  and  analysis  of  results  for 
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TABLE  1.1 
Maximum  Energy 
Considered 


Particle 

a 

p 

7 

n 

Heavy  ions 


Energy  (MeV) 

20 

10 

20 

20 

100 


radiation  in  the  energy  range  shown  in  Table  1.1.  Particles  with  energies  listed  in  Table 
1.1  are  encountered  around  nuclear  reactors  and  low-energy  accelerators;  around  instal¬ 
lations  involving  production  or  use  of  natural  or  manufactured  radioisotopes;  in  medical 
research  and  nuclear  medicine  installations;  in  biological,  biochemical,  geological,  and 
environmental  research  involving  radioactive  tracers;  and  in  naturally  occurring  radio¬ 
active  materials  (NORM).  Not  included  in  Table  1.1  are  cosmic  rays  and  particles  pro¬ 
duced  by  high-energy  accelerators  (GeV  energy  range). 


1.2  STATISTICAL  NATURE  OF  RADIATION  EMISSION 


Radiation  emission  is  nothing  more  than  release  of  energy  by  a  system  as  it  moves  from  one 
state  to  another.  According  to  classical  physics,  exchange  or  release  of  energy  takes  place  on 
a  continuous  basis;  that  is,  any  amount  of  energy,  no  matter  how  small,  may  be  exchanged 
as  long  as  the  exchange  is  consistent  with  conservation  laws.  The  fate  of  a  system  is  exactly 
determined  if  initial  conditions  and  forces  acting  upon  it  are  given.  One  may  say  that  clas¬ 
sical  physics  prescribed  a  “deterministic”  view  of  the  world. 

Quantum  theory  changed  all  that.  According  to  quantum  theory,  at  the  molecular, 
atomic,  and  subatomic  levels,  energy  can  be  exchanged  only  in  discrete  amounts  when  a 
system  moves  from  one  state  to  another.  The  fact  that  conservation  laws  are  satisfied  is  a 
necessary  but  not  a  sufficient  condition  for  energy  exchange  and  the  change  of  a  system. 
The  fate  of  the  system  is  not  determined  exactly  if  initial  conditions  and  forces  are  known. 
One  can  only  talk  about  the  probability  that  the  system  will  follow  this  development  or 
that;  or  it  will  do  something  or  nothing.  Thus,  with  the  introduction  of  quantum  theory,  the 
study  of  the  physical  world  changed  from  “deterministic”  to  “probabilistic.” 

The  emission  of  atomic  and  nuclear  radiation  obeys  the  rules  of  quantum  theory.  Thus, 
one  can  only  deliberate  about  the  probability  that  a  reaction  will  take  place  or  that  a  particle 
will  be  emitted. 

Consider  a  radioactive  source  emitting  electrons  and  assume  that  one  attempts  to 
measure  the  number  of  electrons  per  unit  time  emitted  by  the  source.  For  every  atom  of 
the  source,  there  is  a  probability,  not  a  certainty,  that  an  electron  will  be  emitted  during 
the  next  unit  of  time.  One  can  never  measure  the  “exact”  number  of  electrons  emitted.  The 
number  of  particles  emitted  per  unit  time  is  different  for  successive  units  of  time.  Therefore, 
one  can  only  determine  the  average  number  of  particles  emitted.  That  average,  like  any 
average,  carries  with  it  an  uncertainty,  an  error.  The  determination  of  this  error  is  an  inte¬ 
gral  part  of  any  radiation  measurement. 


1.3  ERRORS  AND  ACCURACY  AND  PRECISION 
OF  MEASUREMENTS 

A  measurement  is  an  attempt  to  determine  the  value  of  a  certain  parameter  or  quantity. 
Anyone  attempting  a  measurement  should  keep  in  mind  the  following  two  axioms  regard¬ 
ing  the  result  of  the  measurement: 

Axiom  1:  No  measurement  yields  a  result  without  an  error. 

Axiom  2:  The  result  of  a  measurement  is  almost  worthless  unless  the  error  associated 
with  that  result  is  also  reported. 
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The  term  error  is  used  to  define  the  following  concept: 

Error  =  (Measured  or  computed  value  of  quantity  Q)  -  (True  value  of  Q) 
or 

Error  =  Estimated  uncertainty  of  the  measured  or  computed  value  of  Q. 

Related  to  the  error  of  a  measurement  are  the  terms  accuracy  and  precision.  The  dic¬ 
tionary  gives  essentially  the  same  meaning  for  both  accuracy  and  precision,  but  in  experi¬ 
mental  work,  they  have  different  meanings. 

The  accuracy  of  an  experiment  tells  us  how  close  the  result  of  the  measurement  is  to 
the  true  value  of  the  measured  quantity.  The  precision  of  an  experiment  is  a  measure  of 
the  exactness  of  the  result.  As  an  example,  consider  the  measurement  of  the  speed  of  light, 
which  is  known,  from  measurements,  to  be  equal  to  2.997930  x  108  m/s. 

Assume  that  a  measurement  gave  the  result  2.9998  x  108  m/s.  The  difference  between 
these  two  numbers  is  an  estimate  of  the  accuracy  of  the  measurement.  On  the  other  hand, 
the  precision  of  the  measurement  is  related  to  the  number  of  significant  figures*  represent¬ 
ing  the  result.  The  number  2.9998  x  108  indicates  that  the  result  has  been  determined  to  be 
between  2.9997  and  2.9999  or,  equivalently,  that  it  is  known  to  1  part  in  30,000  (1/29998). 

If  the  measurement  is  repeated  and  the  new  result  is  2.9999  x  10s  m/s,  the  accuracy 
has  changed  but  not  the  precision.  If,  on  the  other  hand,  the  result  of  the  measurement  is 
2.99985  x  108  m/s,  both  precision  and  accuracy  have  changed. 

Another  way  to  look  at  the  accuracy  and  precision  of  a  measurement  is  in  terms  of  the 
distribution  of  the  data  obtained  (Figure  1.1).  To  improve  the  error  of  a  measurement,  the 
process  is  repeated  many  times,  if  practical.  The  results  recorded,  after  repeated  identical 
tries,  are  not  identical.  Instead,  the  data  follow  a  distribution,  almost  Gaussian  in  most 
cases  (see  Chapter  2  for  more  details),  and  the  measured  value  reported  is  an  average  based 
on  the  shape  of  the  distribution  of  the  measured  data.  The  width  of  the  distribution  of  indi¬ 
vidual  results  is  a  measure  of  the  precision  of  the  measurement;  the  distance  of  the  average 
of  the  distribution  from  the  true  value  is  a  measure  of  the  accuracy  of  the  measurement. 

Every  experimenter  should  consider  accuracy  and  precision  simultaneously.  It  would 
be  a  waste  of  effort  to  try  to  improve  the  precision  of  a  measurement  if  it  is  known  that  the 
result  is  inaccurate.  On  the  other  hand,  it  is  almost  useless  to  try  to  achieve  very  high  accu¬ 
racy  if  the  precision  of  the  measurement  is  low. 

Limitations  in  the  accuracy  and  precision  of  measurements  result  from  many  causes. 
Among  the  most  important  are 

1.  Incorrectly  calibrated  instruments. 

2.  Algebraic  or  reading  errors  of  the  observer. 

3.  Uncontrolled  changes  in  environmental  conditions,  such  as  temperature,  pressure, 
and  humidity. 

4.  Inability  to  construct  arbitrarily  small  measuring  meter-sticks,  rods,  pointers, 
clocks,  apertures,  lenses,  and  so  on. 

5.  A  natural  limit  of  sensitivity  for  any  real  measuring  instrument  detecting  individual 
effects  of  atoms,  electrons,  molecules,  and  protons. 


As  an  example  of  the  number  of  significant  figures,  each  of  the  following  numbers  has  five  significant  figures: 
2.9998,  29998,  20009,  .0029998,  2.9880  x  108. 
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Inaccurate-not  precise 


Inaccurate  but  precise 


FIGURE  1.1  Accuracy  and  precision  of  measurements;  t,  true  value;  m,  measured  value. 

6.  Imperfect  method  of  measurement  in  most  cases. 

7.  Unknown  exact  initial  state  of  the  system.  Or,  even  if  the  initial  state  is  known,  it 
is  impossible  to  follow  the  evolution  of  the  system.  For  example,  to  determine  the 
state  of  a  gas  in  a  container,  one  should  know  the  exact  position  and  velocity  of  every 
molecule  at  t  =  0.  Even  if  this  is  known,  how  practical  is  it  to  follow  1020  atoms  or 
molecules  moving  in  a  box? 

8.  Statistical  nature  of  some  processes,  for  example,  radioactive  decay.  There  is  a  prob¬ 
ability  that  an  atom  of  a  radioactive  isotope  will  decay  in  the  next  10  s,  and  this  is 
as  much  information  as  one  can  report  on  this  matter.  Using  probabilities  we  can 
calculate  average  values,  but  never  exact  ones. 

In  addition  to  true  measurements,  scientists  and  engineers  perform  numerical  computa¬ 
tions  that  provide  a  result  with  some  degree  of  uncertainty  or  error.  This  uncertainty  or  error 
is  the  result  of  the  imperfect  numerical  model  used  or  of  the  limitations  of  the  computational 
tool  (computer  or  computer  code  used).  Although  there  are  ways  to  estimate  such  errors, 
the  process  is  not  trivial.  Such  methods  will  not  be  discussed  in  this  book.  The  only  reason 
for  this  note  is  to  make  the  user  aware  of  the  limitations,  in  terms  of  uncertainties/errors,  of 
numerical  computations.  Examples  of  such  errors  in  nuclear  instrumentation  include  peak 
fitting  routines  and  folding  and  unfolding  of  energy  spectra  (see  Chapters  11, 12, 13,  and  14). 

1.4  TYPES  OF  ERRORS 

There  are  many  types  of  errors,  but  they  are  usually  grouped  into  two  broad  categories: 
systematic  and  random. 
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Systematic  (or  determinate)  errors  are  those  that  affect  all  the  results  in  the  same  way. 
Examples  of  systematic  errors  are 

1.  Errors  from  badly  calibrated  instruments 

2.  Personal  errors  (algebraic,  wrong  readings,  etc.) 

3.  Imperfect  technique 

Systematic  errors  introduce  uncertainties  that  do  not  obey  a  particular  law  and  cannot 
be  estimated  by  repeating  the  measurement.  The  experimenter  should  make  every  rea¬ 
sonable  effort  to  minimize  or,  better  yet,  eliminate  systematic  errors.  Once  a  systematic 
error  is  identified,  all  results  are  corrected  appropriately.  For  example,  if  a  measurement 
of  temperature  is  made  and  it  is  discovered  that  the  thermocouple  used  overestimates  the 
temperature  by  10%,  all  temperatures  measured  are  decreased  by  10%. 

Random  (or  statistical)  errors  can  either  decrease  or  increase  the  results  of  a  measure¬ 
ment,  but  in  a  nonreproducible  way.  Most  of  the  random  errors  cannot  be  eliminated.  They 
can  be  reduced,  however,  by  improving  the  experimental  apparatus,  improving  the  tech¬ 
nique,  and/or  repeating  the  experiment  many  times.  Examples  of  random  errors  are 

1.  Errors  resulting  from  experimental  apparatus  (reading  of  instruments,  electronic 
noise,  etc.) 

2.  Errors  from  uncontrolled  change  in  condition  such  as  voltage,  temperature,  or 
pressure 

3.  Probabilistic  nature  of  the  phenomenon  under  study 

The  determination  of  error  associated  with  the  measurement  is  a  very  important 
task.  It  is  probably  as  important  as  the  measurement  itself.  Technical  journals  and  scien¬ 
tific  reports  never  report  results  of  experiments  without  the  error  corresponding  to  these 
results.  A  measurement  reported  without  an  error  is  almost  worthless.  For  this  reason,  the 
study  of  errors  is  a  topic  of  great  importance  for  scientists  and  engineers. 

This  text  does  not  give  a  complete  theory  of  error.  Only  the  fundamentals  needed  for 
a  basic  understanding  of  the  statistical  analysis  of  errors  are  presented.  The  objective  is  to 
present  methods  that  provide  an  estimate  of  the  error  of  a  certain  measurement  or  a  series 
of  measurements  and  procedures  that  minimize  the  error. 

Only  random  errors  are  discussed  from  here  on.  In  every  measurement,  systematic  and 
random  errors  should  be  treated  separately.  Systematic  and  random  errors  should  never 
be  combined  using  the  methods  discussed  in  Chapter  2.  Those  methods  apply  to  random 
errors  only. 

1.5  NUCLEAR  INSTRUMENTATION 
1.5.1  Introduction 

This  section  is  addressed  to  the  person  who  has  not  seen  or  used  radiation  instruments.* 
Its  purpose  is  to  present  a  general  description  of  the  physical  appearance  and  operation  of 
the  basic  components  of  a  radiation  counting  system.  Every  component  is  treated  like  a 


*  The  term  radiation  instruments  refers  to  instruments  used  for  the  detection  of  ionizing  radiation  as  explained 
in  Section  1.1. 
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FIGURE  1.2  A  basic  pulse-type  detection  system. 

“black  box,”  that  is,  input  and  output  are  discussed  without  any  details  about  how  the  out¬ 
put  is  obtained.  Details  about  the  construction  and  operation  of  individual  units  are  given 
in  later  chapters. 

Detectors  are  discussed  in  Chapters  5  through  7,  and  the  rest  of  the  electronics  is  dis¬ 
cussed  in  Chapter  10. 

Counting  systems  are  classified  into  two  types,  according  to  the  method  of  operation: 

1.  Pulse-type  systems.  The  output  consists  of  voltage  pulses,  one  pulse  per  particle 
detected. 

2.  Current-type  systems.  The  output  is  an  average  value,  resulting  from  the  detection 
of  many  particles. 

A  basic  pulse-type  system  consists  of  the  instruments  shown  in  Figure  1.2.  The  func¬ 
tion  of  each  component  is  discussed  in  later  sections  of  this  chapter. 

A  current-type  system  (e.g.,  an  electrometer  or  a  rate  meter)  is  simpler  than  the  pulse- 
type  system.  Such  systems  are  discussed  in  Chapter  5.  The  remainder  of  this  chapter  con¬ 
cerns  only  pulse-type  counting  systems. 

1.5.2  Detector 

The  function  of  the  detector  is  to  produce  a  signal  for  every  particle  entering  into  it.  Every 
detector  works  by  using  some  interaction  of  radiation  with  matter.  Following  is  a  list,  not 
all  inclusive,  of  detector  types  in  use  today. 

1.  Gas-filled  detectors  (ionization,  proportional,  Geiger-Muller) 

2.  Scintillation  detectors 

3.  Semiconductor  detectors 

4.  Spark  chambers  (used  with  high-energy  particles) 

5.  Charged  particle  detectors 

6.  Bubble  chambers 

7.  Photographic  emulsions 

8.  Thermoluminescent  dosimeters  (TLDs) 

9.  Cerenkov  counters 

10.  Neutron  detectors 

11.  Whole  body  counters 

12.  Electronic  dosimeters 

13.  Homeland  security  portal  monitors 
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14.  Continuous  air  monitors 

15.  Smoke  detectors 

16.  Nuclear  medicine  detectors 

The  signal  at  the  output  of  most  detectors  is  a  voltage  pulse,  such  as  the  one  shown  in 
Figure  1.3.  For  others,  the  signal  may  be  a  change  in  color  (emulsions)  or  some  trace  that 
can  be  photographed  (bubble  or  spark  chambers). 

The  ideal  pulse-type  counter  should  satisfy  the  following  requirements: 

1.  Every  particle  entering  the  detector  produces  a  pulse  at  the  exit  of  the  counter,  which 
is  higher  than  the  electronic  noise*  level  of  the  unit  that  accepts  it  (usually  this  unit  is 
the  preamplifier).  In  such  a  case,  every  particle  entering  the  detector  will  be  detected, 
and  the  detector  efficiency,  defined  as  the  ratio  of  the  number  of  particles  detected  to 
the  number  of  particles  entering  the  counter,  will  be  equal  to  100%  (for  more  details 
on  efficiency,  see  Chapter  8). 

2.  The  duration  of  the  pulse  should  be  short,  so  that  particles  entering  the  detector 
one  after  the  other  in  quick  succession  produce  separate  pulses.  The  duration  of  the 
pulse  is  a  measure  of  the  dead  time  of  the  counter  (see  Section  2.21)  and  may  result 
in  loss  of  counts  in  the  case  of  high  counting  rates. 

3.  If  the  energy  of  the  particle  is  to  be  measured,  the  height  of  the  pulse  should  have 
some  known  fixed  relationship  to  the  energy  of  the  particle.  To  achieve  this,  it  is 
important  that  the  size  of  the  detector  is  such  that  the  particle  deposits  all  its  energy 
(or  a  known  fraction)  in  it. 

4.  If  two  or  more  particles  deposit  the  same  energy  in  the  detector,  the  correspond¬ 
ing  pulses  should  have  the  same  height.  This  requirement  is  expressed  in  terms 
of  the  energy  resolution  of  the  detector  (see  Chapter  9).  Good  energy  resolution  is 
extremely  important  if  the  radiation  field  consists  of  particles  with  different  ener¬ 
gies  and  the  objective  of  the  measurement  is  to  identify  (resolve)  these  energies. 
Figure  1.4  shows  an  example  of  good  and  bad  energy  resolution. 

There  is  no  detector  that  satisfies  all  these  requirements.  Few  detectors  have  100%  effi¬ 
ciency.  In  practice,  it  is  not  feasible  for  gamma  and  neutron  detectors  to  have  all  the  energy 
of  the  particle  deposited  in  the  counter.  Because  of  statistical  effects,  there  is  no  detector 
with  ideal  energy  resolution.  What  should  one  do? 

In  practice,  the  experimenter  selects  a  detector  that  satisfies  as  many  of  these  proper¬ 
ties  as  possible  to  the  highest  degree  possible  and,  depending  on  the  objective  of  the  mea¬ 
surement,  applies  appropriate  corrections  to  the  measured  data. 

1.5.3  Nuclear  Instrument  Module  Concept 

Whereas  most  of  the  commercially  available  instruments  that  are  used  in  radiation  mea¬ 
surements  conform  to  the  standards  on  nuclear  instrument  modules  (NIM)1-3  developed 


Electronic  noise  is  any  type  of  interference  that  tends  to  “mask”  the  quantity  to  be  observed.  It  is  usually  the 
result  of  the  thermal  motion  of  charge  carriers  in  the  components  of  the  detection  system  (cables,  resistors, 
the  detector  itself,  etc.)  and  manifests  itself  as  a  large  number  of  low-voltage  pulses.  Electronic  noise  should  be 
distinguished  from  background  pulses  resulting  from  radiation  sources  that  are  always  present,  for  example, 
cosmic  rays. 


Time 


FIGURE  1.3  Atypical 
pulse-type  detector 
signal. 


u  Good 

Q.  -J3 


Energy 


FIGURE  1.4  Good  and 
bad  energy  resolution. 
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FIGURE  1.5  Photograph  of  a  com¬ 
mercial  NIM  bin.  (From  Advanced 
Measurement  Technology — ORTEC. 
With  permission.) 


by  the  U.S.  Atomic  Energy  Commission,  there  are  now  several  companies 
involved  in  developing  data  acquisition  systems  that  utilize  small  time  digital 
signal  processing  units,  thus  negating  the  need  for  NIMs. 

The  objective  of  the  NIM  standard  was  the  design  of  commercial 
modules  that  are  interchangeable  physically  and  electrically.  The  electrical 
interchangeability  is  confined  to  the  supply  of  power  to  the  modules  and  in 
general  does  not  cover  the  design  of  the  internal  circuits. 

Multiple-width  NIMs  are  also  made.  The  standard  NIM  bin  will  accom¬ 
modate  12  single-width  NIMs  or  any  combination  of  them  having  the  same 
total  equivalent  width.  Figure  1.5  is  a  photograph  of  the  front  and  back  sides 
of  a  commercial  standard  bin.  Figure  1.6  is  a  photograph  of  the  bin  filled  with 
NIMs  of  different  widths,  made  by  different  manufacturers. 


1.5.4  High-Voltage  Power  Supply 

The  high-voltage  power  supply  (HVPS)  provides  a  positive  or  negative  voltage 
necessary  for  the  operation  of  the  detector.  Most  detectors  need  positive  high 
voltage  (HV).  Typical  HVs  for  common  detectors  are  given  in  Table  1.2.  The 
HVPS  is  constructed  in  such  a  way  that  the  HV  at  the  output  changes  very 
little  even  though  the  input  voltage  (110  V,  AC)  may  fluctuate. 


FIGURE  1.6  A  typical  bin  filled  with  a  combination  of  NIMs.  (From  Advanced  Measurement 
Technology — ORTEC.  With  permission.) 
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A  typical  commercial  HVPS  is  shown  in  Figure  1.7.  The  front  panel 
has  an  indicator  light  that  shows  whether  the  unit  is  on  or  off  and,  if  it 
is  on,  whether  the  output  is  positive  or  negative  voltage.  Also  shown  are 
an  amplifier,  single-channel  analyzer  (SCA),  pulser,  and  timer/counter. 


1.5.5  Preamplifier 

The  primary  purpose  of  the  preamplifier  is  to  provide  an  optimized 
coupling  between  the  output  of  the  detector  and  the  rest  of  the  count¬ 
ing  system.  The  preamplifier  is  also  necessary  to  minimize  any  sources 
of  noise  that  may  change  the  signal. 

The  signal  that  comes  out  of  the  detector  is  very  weak,  in  the  mil¬ 
livolt  (mV)  range  (Figure  1.3).  Before  it  can  be  recorded,  it  will  have 
to  be  amplified  by  a  factor  of  a  thousand  or  more.  To  achieve  this,  the 
signal  will  have  to  be  transmitted  through  a  cable  to  the  next  instrument  of  the  counting 
system,  which  is  the  amplifier.  Transmission  of  any  signal  through  a  cable  attenuates  it  to 
a  certain  extent.  If  it  is  weak  at  the  output  of  the  detector,  it  might  be  lost  in  the  electronic 
noise  that  accompanies  the  transmission.  This  is  avoided  by  placing  the  preamplifier  as 
close  to  the  detector  as  possible.  The  preamplifier  shapes  the  signal  and  reduces  its  atten¬ 
uation  by  matching  the  impedance  of  the  detector  with  that  of  the  amplifier.  After  going 
through  the  preamplifier,  the  signal  may  be  safely  transmitted  to  the  amplifier,  which 
may  be  located  at  a  considerable  distance  away.  Although  all  preamplifiers  amplify  the 
signal  slightly,  their  primary  function  is  that  of  providing  electronic  matching  between 
the  output  of  the  detector  and  the  input  of  the  amplifier. 


TABLE  1.2 

High  Voltage  Needed  for  Certain 
Common  Detectors 

Detector 

High  Voltage  (V) 

Ionization  counters 

HV<  1000 

Proportional  counters 

500  <HV<  1500 

GM  counters 

500  <HV<  1500 

Scintillators 

750  <HV<  1250 

Neutron  detectors 

1 000  <HV<  2000 

Semiconductor  Detectors 

Surface-barrier 

HV<  100 

Hyper-pure  germanium 

2500  <  HV  <  4500 

FIGURE  1.7  Typical  commercial  NIMs:  (a)  HV  power  supply,  (b)  amplifier,  (c)  single-channel  ana¬ 
lyzer,  (d)  scaler,  (e)  timer  and  counter.  (From  Advanced  Measurement  Technology — ORTEC.  With 
permission.) 
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There  are  many  types  of  commercial  preamplifiers,  two  of  which  are  shown 
in  Figure  1.8.  In  most  cases,  the  HV  is  fed  to  the  detector  through  the  preamplifier. 

1.5.6  Amplifier 

The  main  amplification  unit  is  the  amplifier.  It  increases  the  signal  by  as  many  as 
1000  times  or  more.  Modern  commercial  amplifiers  produce  a  maximum  signal  of 
10  V,  regardless  of  the  input  and  the  amplification.  For  example,  consider  a  pream¬ 
plifier  that  gives  at  its  output  three  pulses  with  heights  50, 100,  and  150  mV.  Assume 
that  the  amplifier  is  set  to  100.  At  the  output  of  the  unit,  the  three  pulses  will  be 

50  x  10-3  x  100  =  5  V 
100  x  10-3  x  100  =  10  V 
150  x  10“3  x  100  =  10  V 

Note  that  the  third  value  should  be  15  V,  but  since  the  amplifier  produces 
a  maximum  signal  of  10  V,  by  design,  the  three  different  input  pulses  will  show, 
erroneously,  as  two  different  pulses  at  the  output.  If  only  the  number  of  particles 
is  measured,  there  is  no  error  introduced — but  if  the  energy  of  the  particles  is 
measured,  then  the  error  is  very  serious.  In  the  example  given  above,  if  gammas 
of  three  different  energies  produce  the  pulses  at  the  output  of  the  preamplifier 
indicated  above,  the  pulses  at  the  output  of  the  amplifier  will  be  attributed,  erro¬ 
neously,  to  gammas  of  two  different  energies.  To  avoid  such  an  error,  an  observer 
should  follow  this  rule: 

Before  any  measurement  of  particle  energy,  make  certain  that  the  highest  pulse  of  the 
spectrum  to  be  measured  is  less  than  10  V  at  the  output  of  the  amplifier. 

In  addition  to  signal  amplification,  an  equally  important  function  of  the 
amplifier  is  to  convert  the  signal  at  the  output  of  the  preamplifier  into  a  form 
suitable  for  the  measurement  desired.  More  details  on  this  subject  are  given  in  Chapter 
10.  The  front  panel  of  a  typical  commercial  amplifier  is  shown  in  Figure  1.7. 

Commercial  amplifiers  have  two  dials  for  adjusting  the  amplification: 

1.  Coarse  gain-.  This  dial  adjusts  the  amplification  in  steps.  Each  step  is  a  fraction  of  the 
maximum  amplification.  For  example,  the  dial  may  show  the  numbers  1,  2,  4,  8, 16. 
If  the  maximum  amplification  is  100,  then  the  coarse  gain  on  16  will  give  a  maxi¬ 
mum  of  100,  the  coarse  gain  on  8  will  give  50,  and  so  on.  Some  amplifiers  have  the 
numbers  ^ \ , 1,  and  some  newer  ones  have  1,  10,  100, 1000,  and  so  on. 

2.  Fine  gain-.  This  dial  adjusts  the  amplification  continuously  within  each  step  of  the 
coarse  gain.  The  numbers,  in  most  units,  go  from  0  to  10.  The  highest  number 
provides  the  maximum  amplification  indicated  by  the  coarse  gain.  As  an  exam¬ 
ple,  consider  the  maximum  amplification  to  be  100.  If  the  coarse  gain  is  8  (high¬ 
est  number  16)  and  the  fine  gain  5  (highest  number  10),  the  amplification  will  be 
100  x  ^(coarse  gain)  x  i(fine  gain)  =  25. 

Most  commercial  amplifiers  provide  at  the  output  two  types  of  pulses,  called  unipolar 
and  bipolar  (Figure  1.9). 


FIGURE  1.8  Typical  preamplifier: 
(a)  type  used  with  a  photomultiplier 
tube  showing  back  and  front  views 
and  (b)  type  used  with  semicon¬ 
ductor  detectors  showing  back 
and  front  views.  (From  Advanced 
Measurement  Technology — ORTEC. 
With  permission.) 


www.Ebook777.com 


Introduction  to  Radiation  Measurements  11 


FIGURE  1.9  The  pulse  at  the  output  of  the  amplifier:  (a)  unipolar  pulse  and  (b)  bipolar  pulse. 

It  is  now  more  common  that  systems  that  have  built-in  amplifiers  have  been  digitally 
designed  such  that  course  and  fine  gains  can  be  computer-controlled. 

1.5.7  Oscilloscope 

The  oscilloscope  is  an  instrument  that  permits  the  study  of  rapidly  changing  phenomena, 
such  as  a  sinusoidal  voltage  or  the  pulse  of  a  counter.  The  phenomenon  is  observed  on  a 
fluorescent  screen  as  shown  in  Figure  1.10.  The  horizontal  axis  of  the  screen  measures  time. 
The  vertical  axis  gives  pulse  height  in  volts  or  its  subdivisions. 

In  radiation  measurements,  the  oscilloscope  is  used  to  check  the  quality  of  the  signal  as 
well  as  the  level  and  type  of  the  electronic  noise.  It  is  always  a  good  practice  before  any  mea¬ 
surement  is  attempted  to  examine  the  signal  at  the  output  of  the  amplifier.  A  few  examples 
of  good  and  bad  pulses  are  shown  in  Figure  1.11.  Figure  1.11a  and  b  represents  good  pulses 
while  Figure  1.11c  is  probably  an  electrical  discharge,  not  good  for  counting.  Figure  l.lld  is 
no  good  either,  because  a  high-frequency  signal  is  “riding”  on  the  pulse.  If  the  pulse  is  not 


FIGURE  1.10  Two  commercial  oscilloscopes:  (a)  A  Tektronix  2212  oscilloscope.  (Copyright  ©  1994 
by  Tektronix,  Inc.  All  rights  reserved.  Reproduced  by  permission.)  (b)  A  Philips  PM3394A  autorang¬ 
ing  combiscope.  (Reproduced  with  permission  from  Phillips.) 
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(a) 


(c) 


(b) 


FIGURE  1.11  Samples  of  good  (a,  b)  and  bad  (c,  d)  pulses  as  seen  on  the  screen  of  the 
oscilloscope. 

good,  the  observer  should  not  proceed  with  the  measurement  unless  the  source  of  “noise" 
is  identified  and  eliminated. 

Modern  oscilloscopes  provide  analog  as  well  as  digital  signals  and  are  capable  of  having 
various  outputs,  including  ones  for  printing  and  picture-taking. 


1 .5.8  Discriminator  or  Single-Channel  Analyzer  (SCA) 

The  SCA  is  used  to  eliminate  the  electronic  noise  and,  in  general,  to  reject  unwanted  pulses. 
When  a  pulse  is  amplified,  the  electronic  noise  that  is  always  present  in  a  circuit  is  also 
amplified.  If  one  attempts  to  count  all  the  pulses  present,  the  counting  rate  may  be  exceed¬ 
ingly  high.  Pulses  due  to  electronic  noise  are  a  nuisance  and  should  not  be  counted. 

In  some  cases,  one  may  want  to  count  only  pulses  above  a  certain  height,  that  is,  par¬ 
ticles  with  energy  above  certain  threshold  energy.  Pulses  lower  than  that  height  should  be 
rejected.  The  discriminator  or  SCA  is  the  unit  that  can  make  the  selection  of  the  desired 
pulses.  Figure  1.7c  shows  the  front  panel  of  a  typical  commercial  SCA.  Modern  SCAs  work 
in  the  following  way. 

There  are  two  dials  on  the  front  panel  of  the  unit.  One  is  marked  E,  for  energy,  or  LLD, 
for  lower-level  dial;  the  other  is  marked  A E  or  ULD/AE,  for  upper-level  dialAAE.  There  is  also 
a  two-position  switch  with  INT  (integral)  and  DIFF  (differential)  positions.  In  the  INT  posi¬ 
tion,  only  the  E  dial  operates,  and  the  unit  functions  as  a  discriminator-,  only  particles  with 
energy  >E  are  counted.  In  the  DIFF  position,  both£  and  AE  operate,  and  the  unit  is  then  a 
single- channel  analyzer;  only  particles  with  energy  between  E  and  E  +  AE  are  counted. 

In  some  other  commercial  models,  instead  of  INT  and  DIFF  positions,  the  instrument 
has  special  connectors  for  the  desired  output. 

The  discriminator  (switch  position:  INT).  The  dial  E  (for  energy)  may  be  changed  con¬ 
tinuously  from  0  to  100.  Of  course,  the  discriminator  works  with  voltage  pulses,  but  there  is 
a  one-to-one  correspondence  between  a  pulse  height  and  the  energy  of  a  particle.  Assume 
that  the  discriminator  is  set  to  E  =  2.00  V  (the  2  V  may  also  correspond  to  2  MeV  of  energy). 
Only  pulses  with  height  greater  than  2  V  will  pass  through  the  discriminator.  Pulses  lower 
than  2  V  will  be  rejected.  For  every  pulse  that  is  larger  than  2  V,  the  discriminator  will 
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provide  at  the  output  a  rectangular  pulse  with  height 
equal  to  10  V  (Figure  1.12)  regardless  of  the  actual  height 
of  the  input  pulse.  The  output  pulse  of  the  discriminator 
is  a  pulse  that  triggers  the  unit  (scaler),  which  counts  indi¬ 
vidual  pulses  and  tells  it,  “a  pulse  with  height  bigger  than 
2  V  has  arrived;  count  1.”  Thus,  the  discriminator  elimi¬ 
nates  all  pulses  below  E  and  allows  only  pulses  that  are 
higher  than  E  to  be  counted. 

The  single- channel  analyzer  (switch  position:  DIFF). 
Both  E  and  AE  dials  operate.  Only  pulses  with  heights 
between  E  and  E  +  AE  are  counted  (Figure  1.13).  The  two 
dials  form  a  “channel”;  hence  the  name  single-channel  ana¬ 
lyzer.  If  the  E  dial  is  changed  to  Ev  then  pulses  with  heights 
between  E1  and  E1  +  AE  will  be  counted.  In  other  words,  the 
width  AE,  or  window,  of  the  channel  is  always  added  to  E. 

As  with  the  amplifiers,  it  is  now  more  common 
that  systems  that  have  built-in  SCAs  have  been  digitally 
designed  that  can  be  computer-controlled. 

1.5.9  Scaler 

The  scaler  is  a  recorder  of  pulses.  For  every  pulse  enter¬ 
ing  the  scaler,  a  count  of  1  is  added  to  the  previous  total. 
At  the  end  of  the  counting  period,  the  total  number  of 
pulses  recorded  is  displayed.  Figure  1.7d  shows  the  front 
panel  of  a  typical  commercial  scaler. 

1.5.10  Timer 

The  timer  is  connected  to  the  scaler,  and  its  purpose  is  to 
start  and  stop  the  scaler  at  desired  counting  time  intervals. 
The  front  panel  of  a  typical  timer  is  shown  in  Figure  1.7e. 
Some  models  combine  the  timer  with  the  scaler  in  one 
module. 


1 .5.1 1  Multichannel  Analyzer 

The  multichannel  analyzer  (MCA)  records  and  stores 
pulses  according  to  their  height.  Each  storage  unit  is 
called  a  channel. 

The  height  of  the  pulse  has  some  known  relation¬ 
ship— usually  proportional— to  the  energy  of  the  particle 
that  enters  into  the  detector.  Each  pulse  is  in  turn  stored 
in  a  particular  channel  corresponding  to  a  certain  energy. 
The  distribution  of  pulses  in  the  channels  is  an  image  of 
the  distribution  of  the  energies  of  the  particles.  At  the  end 
of  a  counting  period,  the  spectrum  that  was  recorded  may 
be  displayed  on  the  screen  of  the  MCA  (Figure  1.14).  The 


Time 


FIGURE  1.12  The  pulse  at  the  output  of  a  discriminator. 


Upper-level 

discriminator 

Lower-level 

discriminator 


FIGURE  1.13  The  operation  of  a  single-channel  analyzer. 


FIGURE  1.14  An  energy  spectrum  shown  on  the  screen 
of  an  MCA. 
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horizontal  axis  is  a  channel  number,  or  particle  energy.  The  vertical  axis  is  a  number  of  par¬ 
ticles  recorded  per  channel.  More  details  about  the  MCA  and  its  use  are  given  in  Chapters 
9  and  10. 
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Errors  of  Radiation 

Counting 


2.1  INTRODUCTION 

This  chapter  discusses  statistics  at  the  level  needed  for  radiation  measurements  and  analy¬ 
sis  of  their  results.  People  who  perform  experiments  need  to  know  statistics  for  analysis  of 
experiments  that  are  probabilistic  in  nature,  treatment  of  errors,  and  fitting  a  function  to 
the  experimental  data.  The  first  two  uses  are  presented  in  this  chapter.  Data  management 
and  spectral  fitting  are  presented  in  Chapter  11. 

2.2  DEFINITION  OF  PROBABILITY 

Assume  that  one  repeats  an  experiment  many  times  and  observes  whether  or  not  a  certain 
event  x  is  the  outcome.  The  event  is  a  certain  observable  result  defined  by  the  experimenter. 
If  the  experiment  was  performed  N  times,  and  n  results  were  of  type  x,  the  probability  P(x) 
that  any  single  event  will  be  of  type  x  is  equal  to 


P{x)  =  lim  ” 

AT 


(2.1) 


The  ratio  n/N  is  sometimes  called  the  relative  frequency  of  occurrence  of  x  in  the  first 
N trials. 


15 
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There  is  an  obvious  difficulty  with  the  definition  given  by  Equation  2.1 — the  require¬ 
ment  of  an  infinite  number  of  trials.  Clearly,  it  is  impossible  to  perform  an  infinite  number 
of  experiments.  Instead,  the  experiment  is  repeated  N  times,  and  if  the  event  x  occurs  n 
times  out  of  N,  the  probability  P(x)  is 


P(x)  =  (2.2) 

N 

Equation  2.2  will  not  make  a  mathematician  happy,  but  it  is  extensively  used  in  practice 
because  it  is  in  accord  with  the  idea  behind  Equation  2.1  and  gives  useful  results. 

As  an  illustration  of  the  use  of  Equation  2.2,  consider  the  experiment  of  tossing  a  coin 
100  times  and  recording  how  many  times  the  result  is  “heads”  and  how  many  times  it  is 
“tails.”  Assume  that  the  result  is 


Heads:  48  times 
Tails:  52  times 

On  the  basis  of  Equation  2.2,  the  probability  of  getting  heads  or  tails  if  the  coin  is 
tossed  once  more  is 


P(heads)  = - =  0.48 

100 

52 

P(tails)  =  —  =  0.52 
100 

For  this  simple  experiment,  the  correct  result  is  known  to  be 

.P(tails)  =  .P(heads)  =0.5 

and  one  expects  to  approach  the  correct  result  as  the  number  of  trials  increases.  That  is, 
Equation  2.2  does  not  give  the  correct  probability,  but  as  N  — >  °°,  Equation  2.2  approaches 
Equation  2.1. 

Since  both  n  and  N  are  positive  numbers,  0  <  n/N  <  1,  therefore, 

0  <  P{x)  <  1 

that  is,  the  probability  is  measured  on  a  scale  from  0  to  1. 

If  the  event  x  occurs  every  time  the  experiment  is  performed,  x  is  a  certain  (sure) 
event;  then  n=N  and  P(x)  =  1.  Thus  the  probability  of  a  certain  (sure)  event  to  occur  is 
equal  to  1. 

If  the  event  x  never  occurs,  x  is  an  impossible  event,  then  n  =  0  and  P(x)  =  0.  Thus,  the 
probability  of  an  impossible  event  to  occur  is  0. 

If  the  result  of  a  measurement  has  N  possible  outcomes,  each  having  equal  probability, 
then  the  probability  for  the  individual  event  X;  to  occur  is 

P{xi)  =  —  i  =  l,...,N 
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For  example,  in  the  case  of  coin  tossing,  there  are  two  events  of  equal  probability; 
therefore, 


-P(heads)  =  P(tails)  =  ^ 

2.3  BASIC  PROBABILITY  THEOREMS 

In  the  language  of  probability,  an  "event”  is  an  outcome  of  one  or  more  experiments  or  trials 
and  is  defined  by  the  experimenter.  Some  examples  of  events  are 

1.  Tossing  a  coin  once  and  getting  tails 

2.  Tossing  a  coin  twice  and  getting  heads  both  times 

3.  Tossing  a  coin  10  times  and  getting  heads  for  the  first  five  times  and  tails  for  the 
other  five 

4.  Picking  up  one  card  from  a  deck  of  cards  and  that  card  being  red 

5.  Picking  up  10  cards  from  a  deck  and  all  of  them  being  hearts 

6.  Watching  the  street  for  10  min  and  observing  two  cyclists  pass  by 

7.  Counting  a  radioactive  sample  for  10  s  and  recording  100  counts 

8.  Inspecting  all  the  fuel  rods  in  a  nuclear  reactor  and  finding  faults  in  two  of  them 

Given  enough  information,  one  can  calculate  the  probability  that  any  one  of  these 
events  will  occur.  In  some  cases,  an  event  may  consist  of  simpler  components  and  one 
would  like  to  know  how  to  calculate  the  probability  of  the  complex  event  from  the  prob¬ 
abilities  of  its  components. 

Consider  two  events  x  and  y  and  a  series  of  N  trials.  The  result  of  each  trial  will  be  only 
one  of  the  following  four  possibilities: 

1.  x  occurred  but  not  y 

2.  y  occurred  but  not  x 

3.  Both  x  and  y  occurred 

4.  Neither  x  nor  y  occurred 

Let  nv  n2,  n3,  «4  be  the  number  of  times  in  the  N  observations  that  the  respective  pos¬ 
sibilities  occurred.  Then, 


n3  +  «2  +  n3  +  «4  =  N  (2.3) 

The  following  probabilities  are  defined  with  respect  to  the  events  x  and  y: 

P{x)  =  probability  that  x  occurred 
P{ y)  =  probability  that  y  occurred 
P(x  +  y)  =  probability  that  either  x  or  y  occurred 
P(x y)  =  probability  that  both  x  and  y  occurred 
.P(x]y)  =  conditional  probability  of  x  given  y 

=  probability  of  x  occurring  given  that  y  has  occurred 


www.Ebook777.com 


18  Measurement  and  Detection  of  Radiation 


P(y|x)  =  conditional  probability  of  y  given  x 


=  probability  of  y  occurring  given  that  x  has  occurred 

Using  Equation  2.2,  these  probabilities  are 

P(x)  =  + 

N 

(2.4) 

P(  y)  =n*  +  n3 

7  N 

(2.5) 

P(X  +  y)=«1+^+«3 

7  N 

(2.6) 

P(xy)  =  ^ 

7  N 

(2.7) 

P(x|y)  = 

n2  +  «3 

(2.8) 

P(y|x)  = 

«i  +  «3 

(2.9) 

For  the  six  probabilities  given  by  Equations  2.4  through  2.9,  the  following  two  relations 
hold: 

P(x  +  y)  =  P(x)  +  P( y)  -  P(xy)  (2.10) 

P(xy)  =  P(x)P(y|x)  =  P(y)P(x\y)  (2.11) 

Equation  2.10  is  called  the  addition  law  of  probability.  Equation  2.11  is  called  the  mul¬ 
tiplication  law  of  probability. 

( - \ 

EXAMPLE  2.1 

Consider  two  well-shuffled  decks  of  cards.  What  is  the  probability  of  drawing  one  card 
from  each  deck  with  both  of  them  being  the  ace  of  spades? 

Answer 

The  events  of  interest  are 

Event  x  =  event  y  =  (drawing  one  card  and  that  card  being  ace  of  spades) 

Since  each  deck  has  only  one  ace  of  spades, 

P(x)  =  P( y)  =  P( ace  of  spades)  =  — 
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The  conditional  probability  is 

P(x | y)  =  P  (first  card  ace  of  spades  when  second  card  is  ace  of  spades)  =  (1/52) 

In  this  case,  P(x|y)  =  P(x)  because  the  two  events  are  independent.  The  fact  that  the  first 
card  from  the  first  deck  is  the  ace  of  spades  has  no  influence  on  what  the  first  card  from 
the  second  deck  is  going  to  be.  Similarly,  P(y|x)  =  P( y). 

Therefore,  using  Equation  2.11,  one  has 

P(xy)  =  P(x)P(  y)  =  =  0.0003  7(~0. 04%) 

V _ ) 


( - \ 

EXAMPLE  2.2 

Consider  two  well-shuffled  decks  of  cards  and  assume  one  card  is  drawn  from  each  of 
them.  What  is  the  probability  of  one  of  the  two  cards  being  the  ace  of  spades? 

Answer 

Using  Equation  2.10, 

P(x  +  y)  =  —  +  —  -  f  —  |f  —  |  =  0.038  (3.8%) 
r  52  52  y 52  J^52  J 

< _ J 


Under  certain  conditions,  the  addition  and  multiplication  laws  expressed  by  Equations 
2.10  and  2.11  are  simplified. 

If  the  events  x  and  y  are  mutually  exclusive — that  is,  they  cannot  occur  simultaneously— 
then  P(x y)  =  0  and  the  addition  law  becomes 

P(x  +  y)=P(x)+P(y)  (2.12) 

If  the  probability  that  x  occurs  is  independent  of  whether  or  not  y  occurs,  and  vice 
versa,  then  as  shown  in  Example  2.1, 


P(y\x)=P(y) 

P(x\y)=P(x) 

In  that  case,  the  events  x  and  y  are  called  stochastically  independent  and  the  multipli¬ 
cation  law  takes  the  form 


P(xy)  =  P(x)P(y)  (2.13) 

Equations  2.12  and  2.13  are  also  known  as  the  addition  and  multiplication  laws  of  prob¬ 
ability,  but  the  reader  should  keep  in  mind  that  Equations  2.12  and  2.13  are  special  cases  of 
Equations  2.10  and  2.11. 
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EXAMPLE  2.3 

What  is  the  probability  that  a  single  throw  of  a  die  will  result  in  either  2  or  5? 

Answer 

P{2)  =  y  P(5)  =  j 
6  6 

P(  2  +  5)  =  P(  2)  +  P(  5)  =  1  +  1  =  1 

O  O  3 

k _ > 


r - \ 

EXAMPLE  2.4 

Consider  two  well-shuffled  decks  of  cards  and  assume  one  card  is  drawn  from  each 
deck.  What  is  the  probability  of  both  cards  being  spades? 

Answer 

13 

P( one  spade)  =  — 

P[(spade)(spade)]  =  (±§)(±§)  -  ^ 

S _ > 


Equations  2.12  and  2.13  hold  for  any  number  of  events,  provided  the  events  are  mutu¬ 
ally  exclusive  or  stochastically  independent.  Thus,  if  we  have  N  such  events  xM|K=1 . N 

P(x!  +  x2  +  •  •  •  +  xN)  =  P(xi)  +  P{x2)  +  ■  •  •  +  P{xN)  (2.14) 

P(x1,x2...xw)  =  P{x1),P{x2)...P{xN)  (2.15) 


2.4  PROBABILITY  DISTRIBUTIONS  AND  RANDOM 
VARIABLES 

When  an  experiment  is  repeated  many  times  under  identical  conditions,  the  results  of  the 
measurement  will  not  necessarily  be  identical.  In  fact,  as  a  rule  rather  than  as  an  excep¬ 
tion,  the  results  will  be  different.  Therefore,  it  is  very  desirable  to  know  if  there  is  a  law  that 
governs  the  probability  for  individual  outcomes  of  the  experiment  to  occur.  Such  a  law,  if 
it  exists  and  is  known,  would  be  helpful  in  two  ways.  First,  from  a  small  number  of  mea¬ 
surements,  the  experimenter  may  obtain  information  about  expected  results  of  subsequent 
measurements.  Second,  a  series  of  measurements  may  be  checked  for  faults.  If  it  is  known 
that  the  results  of  an  experiment  obey  a  certain  law  and  a  given  series  of  outcomes  of  such 
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an  experiment  does  not  follow  that  law,  then  that  series  of  outcomes  is  suspect  and  should 
be  thoroughly  investigated  before  it  is  accepted. 

There  are  many  such  laws  governing  different  types  of  measurements.  The  three  most 
frequently  used  will  be  discussed  in  later  sections  of  this  chapter,  but  first  some  general 
definitions  and  the  concept  of  the  random  variable  are  introduced. 

A  quantity  x  that  can  be  determined  quantitatively  and  that  in  successive  but  similar 
experiments  can  assume  different  values  is  called  a  random  variable.  Examples  of  random 
variables  are  the  result  of  drawing  one  card  from  a  deck  of  cards,  the  result  of  the  throw 
of  a  die,  the  result  of  measuring  the  length  of  a  nuclear  fuel  rod,  and  the  result  of  count¬ 
ing  the  radioactivity  of  a  sample.  There  are  two  types  of  random  variables,  discrete  and 
continuous. 

A  discrete  random  variable  takes  one  of  a  set  of  discrete  values.  Discrete  random  vari¬ 
ables  are  especially  useful  in  representing  results  that  take  integer  values— for  example, 
number  of  persons,  number  of  defective  batteries,  or  number  of  counts  recorded  in  a  scaler. 

A  continuous  random  variable  can  take  any  value  within  a  certain  interval — for  exam¬ 
ple,  weight  or  height  of  people,  the  length  of  a  rod,  or  the  temperature  of  the  water  coming 
out  of  a  reactor. 

For  every  random  variable  x,  one  may  define  a  function/!*),  called  the  probability  den¬ 
sity  function  (pdf)  (also  called  the  frequency  function),  as  follows: 

Discrete  random  variables /(*,)  =  probability  that  the  value  of  the  random  variable  is 
x\i  =  1,  2, ...,  N,  where  N  =  number  of  possible  (discrete)  values  of  x.  Since  *  takes 
only  one  value  at  a  time,  the  events  represented  by  the  probabilities /(x;)  are  mutu¬ 
ally  exclusive;  therefore,  using  Equation  2.14, 

N 

£/(*,)  =  1  (2-16) 

i= 1 

Continuous  random  variables  Assume  that  a  random  variable  may  take  any  value 
between  a  and  b(a  <x<  b).  Then 

/(x)  dx  =  probability  that  the  value  of  *  lies  between  *  and  x  +  dx 

One  should  note  that  for  a  continuous  variable  what  is  important  is  not  the  probabil¬ 
ity  that  *  will  take  a  specific  value,  but  only  the  probability  that  *  falls  within  an  interval 
defined  by  two  values  of  x.  The  equation  corresponding  to  Equation  2.16  is  now 

b 

J  f{x)dx  =  1  (2.17) 


Equations  2.16  and  2.17  give  the  probability  of  a  sure  event,  because  x  will  certainly 
have  one  of  the  values  xv  x2,  ...,  xN  and  will  certainly  have  a  value  between  a  and  b.  Also, 
Equations  2.16  and  2.17  indicate  the  normalization  of  the  pdf  to  a  value  of  1,  which  must 
be  satisfied  if  the  pdf  is  a  true  probability. 
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0  x^m  x2  x 


FIGURE  2.1  The  mode 
(x,),  the  median  (x2),  and 
the  mean  ( m )  for  a  continu¬ 
ous  probability  distribution 
function. 


Consider  now  the  following  function,  for  a  continuous  variable, 


For  a  discrete  variable, 


Xj 

F(xj)  =  J  f{x')dx' 

a 


F{Xj )  =  $>) 

i= 1 


(2.18) 


(2.19) 


The  meaning  of  the  function  F(x)  is 

F(Xj)  =  probability  that  the  value  of  x  is  less  than  or  equal  to  Xj 

The  function  F{x)  is  called  the  cumulative  distribution  function  (cdf)  and  also  known 
as  the  integral  or  total  distribution  function.  The  cdf  has  the  following  properties: 


FixN)  =  1 

(2.20) 

o 

II 

(2.21) 

Fib)  =  1 

(2.22) 

The  cdf  is  a  positive  monotonously  increasing  function,  that  is,  F{b)  >  Fid),  if  b>  a. 
There  is  a  relationship  between  the  cdf  and  the  pdf  obtained  from  Equation  2.18,  namely, 

fix)  =  - "P-  (2.23) 

ax 

2.5  LOCATION  INDEXES  (MODE,  MEDIAN,  MEAN) 

If  the  distribution  function  F{x)  or  fix)  is  known,  a  great  deal  of  information  can  be 
obtained  about  the  values  of  the  random  variable  x.  Conversely,  if  Fix)  or  fix)  is  not  com¬ 
pletely  known,  certain  values  of  x  provide  valuable  information  about  the  distribution 
functions.  In  most  practical  applications,  the  important  values  of  x  are  clustered  within  a 
relatively  narrow  interval.  To  obtain  a  rough  idea  about  the  whole  distribution,  it  is  often 
adequate  to  indicate  the  position  of  this  interval  by  “location  indexes”  providing  typical 
values  of  x. 

In  theory,  an  infinite  number  of  location  indexes  may  be  constructed  for  the  distribu¬ 
tion  of  the  values  of  a  random  variable,  but  in  practice  the  following  three  are  most  fre¬ 
quently  used:  the  mode,  the  median,  and  the  mean.  Their  definitions  and  physical  meanings 
will  be  presented  with  the  help  of  an  example. 

Consider  the  continuous  pdf  shown  in  Figure  2.1.  The  function/(x)  satisfies  Equation 
2.17,  that  is,  the  total  area  under  the  curve  of  Figure  2.1  is  equal  to  1,  with  a  =  -° °  and 
b  =  +°°. 


www.Ebook777.com 


Errors  of  Radiation  Counting  23 


The  mode  is  defined  as  the  most  probable  value  of  x.  Therefore,  the  mode  x1  is  that  x  for 
which/(x)  is  maximum  and  is  obtained  from 


df(x)  =  Q 
dx 


(2.24) 


The  median  is  the  value  x2  for  which 


x2 

F(x  2)  =  J  f(x)dx 


(2.25) 


that  is,  the  probability  of  x  taking  a  value  less  than  x2  is  equal  to  the  probability  of  x  taking 
a  value  greater  than  x2. 

The  mean,  m,  also  known  as  the  “average"  or  the  “expectation  value”  ofx,  is  defined  by 
the  equation 


x  =  m  = 


J  xf{x)dx 


(2.26) 


A  general  expression  of  Equation  2.26  giving  the  mean  or  average  of  any  function  g(x), 
regardless  of  whether  or  not  f(x)  satisfies  Equation  2.17,  is 


g(x) 


J  g(x) f{x)dx 

f{x)dx 


(2.27) 


For  a  discrete  pdf,  the  location  indexes  are  defined  in  a  similar  way.  If  the  pdf  satisfies 
Equation  2.16,  the  mean  is  given  by 


N 

m  =  x  =  y '  Xjfixj )  (2.28) 

;= 1 

Equation  2.28  is  an  approximation  because  the  true  mean  can  only  be  determined  with 
an  infinite  number  of  measurements.  But,  in  practice,  it  is  always  a  finite  number  of  mea¬ 
surements  that  is  available,  and  the  average  x  instead  of  the  true  m  is  determined.  Equation 
2.28  is  analogous  to  Equation  2.2,  which  defines  the  probability  based  on  a  finite  number 
of  events. 

The  general  expression  for  the  average  of  a  discrete  pdf,  equivalent  to  Equation 
2.27,  is 


g{x) 


1 _ 

V  /(*,) 

^i=l 


(2.29) 
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Which  of  these  or  some  other  location  indexes  one  uses  is  a  matter  of  personal  choice 
and  convenience,  depending  on  the  type  of  problem  studied.  The  mean  is  by  far  the  most 
frequently  used  index,  and  for  this  reason,  only  the  mean  will  be  discussed  further. 

Some  elementary  but  useful  properties  of  the  mean  that  can  be  easily  proven  using 
Equation  2.26  or  2.28  are 


ax  =  ax  =  am  a  =  constant 


a  +  x  =  a  +x  =  a  +  m 

gi(x)  +  g2(x)  +  ■••  +  gt(x)  =  gi(x)  +  g2(x)  +  ■■■  +  gi(x) 


(2.30) 


( - \ 

EXAMPLE  2.5 

The  probability  that  a  radioactive  nucleus  will  not  decay  for  time  t  is  equal  to 

f(t)  =  Xe~u 

where  A,  is  a  constant.  What  is  the  mean  life  of  such  a  nucleus? 

Answer 

Using  Equation  2.26,  the  mean  life  t  is 

t  =  fae-xtc/t  =  - 

J  X 

0 

< _ > 


EXAMPLE  2.6 

Consider  the  throw  of  a  die.  The  probability  of  getting  any  number  between  1  and  6  is 
1/6.  What  is  the  average  number? 

Answer 

Using  Equation  2.28, 


3.5 


J 
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r 


EXAMPLE  2.7 


Consider  an  experiment  repeated  N  times  giving  the  results  x,-  /=v.jN.  What  is  the  aver¬ 
age  of  the  results? 

Answer 

Since  the  experiments  were  identical,  all  the  results  have  the  same  probability  of  occur¬ 
ring,  a  probability  that  is  equal  to  1/N.  Therefore,  the  mean  is 


(2.31) 


Equation  2.31  defines  the  so-called  arithmetic  mean  of  a  series  of  N  random  variables. 
It  is  used  extensively  when  the  results  of  several  measurements  of  the  same  variable  are 
combined. 

An  extension  of  Equation  2.31  is  the  calculation  of  the  “means  of  means.’'  Assume  that 
one  has  obtained  the  averages  xltx2,...,xM  by  performing  a  series  ofM  measurements,  each 
involving  NVN2,...,NM  events,  respectively. 

The  arithmetic  mean  of  all  the  measurements,  X,  is 


-  _  X2  +  x2  +  ■  •  •  +  xM 

Jv  —  - 

M 


(2.32) 


where 


Nj 


2.6  DISPERSION  INDEXES,  VARIANCE, 
AND  STANDARD  DEVIATION 


A  pdf  or  cdf  is  determined  only  approximately  by  any  location  index.  For  practical  purposes, 
it  is  sufficient  to  know  the  value  of  one  location  index — for  example,  the  mean — together 
with  a  measure  indicating  how  the  probability  density  is  distributed  around  the  chosen 
location  index.  There  are  several  such  measures  called  dispersion  indexes.  The  dispersion 
index  most  commonly  used  and  the  only  one  to  be  discussed  here  is  the  variance  V(x)  and 
its  square  root,  which  is  called  the  standard  deviation  0. 

The  variance  of  a  pdf  is  defined  as  shown  by  Equations  2.33  and  2.34.  For  continuous 
distributions, 


(2.33) 
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For  discrete  distributions, 


N 

V{x)  =  a2  =  Xi  -  m)2  f{xi)  (2.34) 

!=1 

It  is  assumed  that  fix)  satisfies  Equation  2.16  or  2.17  and  Mis  a  large  number.  It  is  worth 
noting  that  the  variance  is  nothing  more  than  the  average  of  (x  -  m)2.  The  variance  of  a 
linear  function  of  x,  a  +  bx,  is 


V{a  +  bx)  =  b2  V(x) 


(2.35) 


where  a  and  b  are  constants. 

2.7  COVARIANCE  AND  CORRELATION 

Consider  the  random  variables  Xv  X2,  XM  with  means  mv  m2,  ...,  mM  and  variances 
0i  ,a2,  . . .,  0 m-  A  question  that  arises  frequently  is,  what  is  the  average  and  the  variance  of 
the  linear  function 


Q  —  r?i-Xi  +  a2X2  +  •  •  •  +  UmX  m 

where  of  at  \  i=1 . M  are  constants. 

The  average  is  simply  (using  Equation  2.30) 


Q  =  «iWi  +  a2m2  +  ■  •  •  +  aMmM 


M 


am 


1=1 


The  variance  is 


ViQ)  =  o2  =  (Q  -  Q)2  =  ^afXt  -  mf 
_  1-1 

M  MM 

=  ^«,202  +  2^'^aiajiXi  -  mfiXj  -  mf) 


(2.36a) 


(2.36b) 


(2.37) 


The  quantity  (26,  -  w,)(26y  -  mf)  is  called  the  “covariance”  between Xt  and  X: 


cov(Xi,X;)  =  {Xt  -  mf{Xj  -  mf) 


(2.38) 


The  covariance,  as  defined  by  Equation  2.38,  suffers  from  the  serious  drawback  that  its 
value  changes  with  the  units  used  for  the  measurement  of  X,-,  X;.  To  eliminate  this  effect, 
the  covariance  is  divided  by  the  product  of  the  standard  deviations  o,,  0;,  and  the  resulting 
ratio  is  called  the  correlation  coefficient  p(X,,  Xf  Thus, 
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fV  =P  (Xi,Xj)  = 


cov{Xit  X,) 


a,G, 


Using  Equation  2.39,  the  variance  of  Q  becomes 


f  M 


a2  =  V(Q)  =  V 


ftiX-i  O i  “H  2  ;CT  j 


v  i=l 


Random  variables  for  which  p„  =  0  are  said  to  be  uncorrelated. 

If  the  X’s  are  mutually  uncorrelated,  Equation  2.40  takes  the  simpler  form 


f  M 


G1  =  V 


^UiX,  =  ^afaj 


V  i= 1 


(2.39) 


(2.40) 


(2.41) 


Consider  now  a  second  linear  function  of  the  variables  Xv  X2,  X3,..„  XM,  namely, 
R  =  biXi  +  — h  bMXM.  The  average  of  R  is 

M 

R  =  blm1  +  b2m2  +  ■■■  +  bMmM  =  '^'bimi 

i= 1 

The  covariance  of  Q,  R  is 


co  v{Q,R)  = 

l 

I 

i 

i _ 

M 

X bi'yXj  ~  mi) 

M  M 

M 

=  ^a,b,Gj  +  '^^ajbipijaiaj  (2.42) 

i= 1  i  *  j 

If  all  the  X’s  are  mutually  uncorrelated,  then  pij=0  and 

M 

cov(Q,  R)  =  '^'aibio7 

i=i 

If  all  the  9Ts  have  the  same  variance  a2, 

M 

cov(Q,  R)  =  G1^  a jbj 

i= 1 

Equations  2.40  through  2.44  will  be  applied  in  Section  2.15  for  the  calculation  of  the 
propagation  of  errors. 


(2.43) 


(2.44) 
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2.8  BINOMIAL  DISTRIBUTION 

The  binomial  distribution  is  a  pdf  that  applies  under  the  following  conditions: 

1.  The  experiment  has  two  possible  outcomes,  A  and  B. 

2.  The  probability  that  any  given  observation  results  in  an  outcome  of  type  A  or  B  is 
constant,  independent  of  the  number  of  observations. 

3.  The  occurrence  of  a  type  A  event  in  any  given  observation  does  not  affect  the  prob¬ 
ability  that  the  event  A  or  B  will  occur  again  in  subsequent  observations. 

Examples  of  such  experiments  are  tossing  a  coin  (heads  or  tails  is  the  outcome), 
inspecting  a  number  of  similar  items  for  defects  (items  are  defective  or  not),  picking  up 
objects  from  a  box  containing  two  types  of  objects,  and  so  on. 

The  binomial  distribution  will  be  introduced  with  the  help  of  the  following  experiment: 
Consider  a  box  that  contains  a  large  number  of  two  types  of  objects,  type  A  and  type 
B.  Let 


p  =  probability  that  an  object  selected  at  random  from  this  box  is  type  A 
1  -  p  =  probability  that  the  randomly  selected  object  is  type  B 

An  experimenter  selects  N  objects  at  random.'  The  binomial  distribution,  giving  the 
probability  Pn  that  n  out  of  the  N  objects  are  of  type  A,  is 


P„  = 


N\ 


(N  -  n)\n\ 


p"(  i  -  pY 


(2.45) 


EXAMPLE  2.8 

A  box  contains  a  total  of  10,000  small  metallic  spheres,  of  which  2000  are  painted 
white  and  the  rest  are  painted  black.  A  person  removes  100  spheres  from  the  box  one 
at  a  time  at  random.  What  is  the  probability  that  10  of  these  spheres  are  white? 


Answer 

The  probability  of  picking  one  white  sphere  is 


p  =  P(  white)  = 


2000 

10,000 


0.2 


The  probability  that  10  out  of  100  selected  spheres  will  be  white  is,  according  to 
Equation  2.45, 


Bo 


100! 

(100-10)110! 


(0.2)10(0.8)90 


0.0034  (0.34%) 


It  is  assumed  that  the  box  has  an  extremely  large  number  of  objects  so  that  the  removal  of  N  of  them  does  not 
change  their  number  appreciably,  or,  after  an  object  is  selected  and  its  type  recorded,  it  is  thrown  back  into 
the  box.  If  the  total  number  of  objects  is  small,  instead  of  Equation  2.45,  the  hypergeometric  density  function 
should  be  used. 
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r 


EXAMPLE  2.9 


A  coin  is  tossed  three  times.  What  is  the  probability  that  the  result  will  be  heads  in  all 
three  tosses? 

Answer 

The  probability  of  getting  heads  in  one  throw  is  0.5.  The  probability  of  tossing  the  coin 
three  times  ( N  =  3)  and  getting  heads  in  all  three  tosses  ( n  =  3)  is 


P3  = - — - (0.5)3(1  -  0.5)3-3  =  0.125  (12.5%) 

(3-3)13! 


Of  course,  the  same  result  could  have  been  obtained  in  this  simple  case  by  using  the 
multiplication  law  (Equation  2.13): 


P(heads  three  times)  =  (0.5)(0.5)(0.5)  =  0.125 


J 


It  is  easy  to  show  that  the  binomial  distribution  satisfies 


N 


N 


2*- 2 


(2.46) 


n= 0 


The  mean  m  is  equal  to 


M 


(2.47) 


m  =  n 


The  variance  V(n)  is 


M 


V(n)  -  {m-  n  f  =  ^^(m  -  n)2P„  =  m{  1  —  p)  =  pN(l  -  p)  (2.48) 


The  standard  deviation  a  is 


(2.49) 


Figure  2.2  shows  three  binomial  distributions  for  N  =  10  and p  =  0.1,  0.4,  and  0.8.  Note 
that  as  p  — >  0.5,  the  distribution  tends  to  be  symmetric  around  the  mean. 
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(b) 


(c) 


FIGURE  2.2  Three  binomial  distributions  with  N  =  10  and  (a)  p  =  0.1,  (b)  p  =  0.4,  and  (c)  p  =  0.8. 

2.9  POISSON  DISTRIBUTION 

The  Poisson  distribution  applies  to  events  whose  probability  of  occurrence  is  small  and 
constant.  It  can  be  derived  from  the  binomial  distribution  by  letting 

N  — »  °° 

p  ->  0 

in  such  a  way  that  the  value  of  the  average  m  =  Np  stays  constant.  It  is  left  as  an  exercise  for 
the  reader  to  show  that  under  the  conditions  mentioned  above,  the  binomial  distribution 
takes  the  form  known  as  the  Poisson  distribution, 

mn 

pn  =  — e-">  (2.50) 

n\ 
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where  P„  is  the  probability  of  observing  the  outcome  n  when  the  average  for  a  large  number 
of  trials  is  m. 

The  Poisson  distribution  has  wide  applications  in  many  diverse  fields,  such  as  decay 
of  nuclei,  persons  killed  by  lightning,  number  of  telephone  calls  received  in  a  switchboard, 
emission  of  photons  by  excited  nuclei,  appearance  of  cosmic  rays,  and  so  on. 


f - \ 

EXAMPLE  2.10 

A  radiation  detector  is  used  to  count  the  particles  emitted  by  a  radioisotopic  source.  If 
it  is  known  that  the  average  counting  rate  is  20  counts/min,  what  is  the  probability  that 
the  next  trial  will  give  18  counts/min? 

Answer 

The  probability  of  decay  of  radioactive  atoms  follows  the  Poisson  distribution.  Therefore, 
using  Equation  2.50, 

2018 

P,8  =  e“20  =  0.0844  «  8% 

18! 

That  is,  if  one  performs  10,000  measurements,  844  of  them  are  expected  to  give  the 
result  18  counts/min. 

V _ J 


( - \ 

EXAMPLE  2.11 

In  a  certain  city  with  a  relatively  constant  population,  the  average  number  of  people 
killed  per  year  in  automobile  accidents  is  75.  What  is  the  probability  of  having  80  auto¬ 
accident  fatalities  during  the  coming  year? 

Answer 

The  Poisson  distribution  applies.  Therefore,  using  Equation  2.50, 

7S80 

Pm  =  e“75  =  0.038  «  4% 

80! 

V _ J 


The  Poisson  distribution  satisfies 


X 

n= 0 


Pn=  1 


The  mean  m  is  equal  to 


n= 0 


The  variance  is 


V(n)  =  (m  —  n)2 


-  n)2P„  =  m 

n= 0 


(2.51) 


(2.52) 


(2.53) 
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The  standard  deviation  0  is 


0  =  y]V{n)  =  yfm 


(2.54) 


Figure  2.3  shows  the  Poisson  distribution  for  three  different  means.  It  should  be 
pointed  out  that  as  the  mean  increases,  the  Poisson  distribution  becomes  symmetric 
around  the  mean.  For  m  =  20,  the  distribution  is  already,  for  all  practical  purposes, 
symmetric  around  the  mean,  and  it  resembles  the  normal  distribution,  which  is  dis¬ 
cussed  next. 


n 


(b) 


(c) 


n 


FIGURE  2.3  Three  Poisson  distributions:  (a)  m  =  5,  (b)  m  =  10,  and  (c)  m  =  20. 
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2.10  NORMAL  (GAUSSIAN)  DISTRIBUTION 


Both  the  binomial  and  Poisson  distributions  apply  to  discrete  variables,  whereas  most  of 
the  random  variables  involved  in  experiments  are  continuous.  In  addition,  the  use  of  dis¬ 
crete  distributions  necessitates  the  use  of  long  or  infinite  series  for  the  calculation  of  such 
parameters  as  the  mean  and  the  standard  deviation  (see  Equations  2.47,  2.48,  2.52,  and 
2.53).  It  would  be  desirable,  therefore,  to  have  a  pdf  that  applies  to  continuous  variables. 
Such  a  distribution  is  the  normal  or  Gaussian  distribution. 

The  normal  distribution  G(x)  is  given  by 


G(x)dx 


(2.55) 


where 


G(x)  dx  =  probability  that  the  value  of  x  lies  between  x  and  x  +  dx 
m  =  average  of  the  distribution 
a2  =  variance  of  the  distribution 

Note  that  this  distribution,  shown  in  Figure  2.4,  has  a  maxi¬ 
mum  at  x  =  m,  is  symmetric  around  m,  is  defined  uniquely  by  the 
two  parameters  O  and  m,  and  extends  from  x  =  tox  =  +°°.  The 
quantity  G(x)dx,  given  by  Equation  2.55,  represents  the  shaded 
area  under  the  curve  of  Figure  2.4.  In  general,  the  probability  of 
finding  the  value  of  x  between  any  two  limits  x1  and  x2  is  given  by 


(2.56) 


XI 


The  Gaussian  given  by  Equation  2.55  satisfies 


m  —  G  m  m  +  G  x  x  +  dx 


0 


(2.57) 


X 


FIGURE  2.4  A  normal  (Gaussian)  distribution. 


The  average  of  the  distribution  is 


(2.58) 


The  variance  is 


(2.59) 


The  standard  deviation  is  a,  already  given  as  one  of  the  two  parameters  defining  the 
distribution;  it  is  related  to  the  variance  by 


e  =  JV(x) 


(2.60) 
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0  xm  x' 


FIGURE  2.5  The  cumula¬ 
tive  normal  distribution  is 
equal  to  the  shaded  area 
under  the  Gaussian  curve. 


0  x  =  m  x 


FIGURE  2.6  The  error 
function. 


Three  very  important  items  associated  with  the  Gaussian  distribution  are  the  following: 
1.  The  cumulative  normal  distribution  function,  defined  by 


G(x')  dx' 


( x '  -  mf 
2  o2 


dx' 


(2.61) 


The  function  E(x)  is  very  useful  and  is  generally  known  as  the  error  function  (see 
also  Section  2.10.1).  Graphically,  the  function  E(x )  (Equation  2.61)  is  equal  to  the 
shaded  area  of  Figure  2.5.  The  function  is  sketched  in  Figure  2.6. 

2.  The  area  under  the  curve  of  Figure  2.4  from  x  =  m-  a  to  x  =  m  + a,  given  by 


A 


m+a 

J  G(x)dx  =  0.683 

m—G 


(2.62) 


Equation  2.62  indicates  that  68.3%  of  the  total  area  under  the  Gaussian  is 
included  between  m  -  a  and  m  +  a.  Another  way  of  expressing  this  statement  is 
to  say  that  if  a  series  of  events  follows  the  normal  distribution,  then  it  should  be 
expected  that  68.3%  of  the  events  will  be  located  between  m  -  o  and  m  +  a.  As 
discussed  later  in  Section  2.13,  Equation  2.62  is  the  basis  for  the  definition  of  the 
"standard”  error. 

3.  The  full  width  at  half  maximum  (FWHM).  The  FWHM,  usually  denoted  by  the 
symbol  T,  is  the  width  of  the  Gaussian  distribution  at  the  position  of  half  of  its  maxi¬ 
mum.  The  width  T  is  slightly  wider  than  2 o  (Figure  2.4).  The  correct  relationship 
between  the  two  is  obtained  from  Equation  2.55  by  writing 

G^m  -  =  G^m  +  ^ G(m ) 


Solving  this  equation  for  T  gives 

T  =  (2V21n2)o  =  2.35o 


(2.63) 


The  width  T  is  an  extremely  important  parameter  in  measurements  of  the  energy 
distribution  of  particles. 


2.10.1  Standard  Normal  Distribution 

The  evaluation  of  integrals  involving  the  Gaussian  distribution,  such  as  those  of  Equations 
2.56,  2.61,  and  2.62,  requires  tedious  numerical  integration.  The  result  of  such  integra¬ 
tions  is  a  function  of  m  and  o.  Therefore,  the  calculation  should  be  repeated  every  time 
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m  or  0  changes.  To  avoid  this  repetition,  the  normal  distribution  is  rewritten  in  such  a 
way  that 


m  =  0  and  0=1 


The  resulting  function  is  called  the  standard  normal  distribution.  Integrals  involving 
the  Gaussian  distribution,  such  as  that  of  Equation  2.61,  have  been  tabulated  based  on  the 
standard  normal  distribution  for  a  wide  range  of  x  values.  With  the  help  of  a  simple  trans¬ 
formation,  it  is  very  easy  to  obtain  the  integrals  for  any  value  of  m  and  o. 

The  standard  normal  distribution  is  obtained  by  defining  the  new  variable. 


t  = 


(2.64) 


Substituting  into  Equation  2.55,  one  obtains 


G(t)dt 


-trn 


dt 


(2.65) 


It  is  very  easy  to  show  that  the  Gaussian  given  by  Equation  2.65  has  mean 


t  =  m  = 


dt  =  0 


and  variance 


V(t)  =  a2 


=  1 


The  cumulative  standard  normal  distribution  function,  Equation  2.61,  is  now  writ¬ 
ten  as 


X  X 

E(x)  =  J  G(t)dt  =  J  J— < 


-f 72 


dt 


(2.66) 


or,  in  terms  of  the  error  function  that  is  tabulated 


where 


o 
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EXAMPLE  2.12 

The  uranium  fuel  of  light-water  reactors  is  enclosed  in  metallic  tubes  with  an  average 
outside  diameter  (OD)  equal  to  20  mm.  It  is  assumed  that  the  OD  values  are  normally 
distributed  around  this  average  with  a  standard  deviation  a  =  0.5  mm.  For  safety  rea¬ 
sons,  no  tube  should  be  used  with  OD  >  21.5  mm  or  OD  <  18.5  mm.  If  10,000  tubes 
are  manufactured,  how  many  of  them  are  expected  to  be  discarded  because  they  do 
not  satisfy  the  requirements  given  above? 

Answer 

The  probability  that  the  OD  of  a  tube  is  going  to  be  less  than  18.5  mm  or  greater  than 
21.5  mm  is 


G(x  <  18.5)  +  G(x  >  21.5)  = 


8.5 

f  dx 

1 

i 

bj 

o 

i 

J  V2rc(0.5)CXP 

2(0. 5)2 

f  dx 

i 

>T 

i 

NJ 

O 

_ i 

J  V2^(0.5)eXP 

21.5 

2(0. 5)2 

FIGURE  2.7  The  shaded 
areas  represent  the  frac¬ 
tion  of  defective  rods, 
Example  2.12. 


Graphically,  the  sum  of  these  two  probabilities  is  equal  to 
the  two  shaded  areas  shown  in  Figure  2.7. 

In  terms  of  the  standard  normal  distribution  and  also 
because  the  two  integrals  are  equal,  one  obtains 


G(x  <  18.5)  +  G(x  >  21.5)  =  2 


where 


x  -  20 
0.5 


This  last  integral  is  tabulated  in  many  books,  handbooks,  and  mathematical  tables  (see 
Bibliography  of  this  chapter).  From  such  tables,  one  obtains 


[  —}=e~t2,2dt  =  0.99865 
J  V27t 


which  gives 


C(x  <  18.5)  +  C(x  >  21.5)  =  0.0027  (0.27%) 

Therefore,  it  should  be  expected  that  under  the  manufacturing  conditions  of  this  exam¬ 
ple,  27  tubes  out  of  10,000  would  be  rejected. 


2.1 0.2  Importance  of  the  Gaussian  Distribution 
for  Radiation  Measurements 

The  normal  distribution  is  the  most  important  distribution  for  applications  in  mea¬ 
surements.  It  is  extremely  useful  because  for  almost  any  type  of  measurement  that  has 


www.Ebook777.com 


Errors  of  Radiation  Counting  37 


been  repeated  many  times,  the  frequency  with  which  indi¬ 
vidual  results  occur  forms,  to  a  very  good  approximation, 
a  Gaussian  distribution  centered  around  the  average  value 
of  the  results.  The  greater  the  number  of  trials,  the  better 
their  representation  by  a  Gaussian.  Furthermore,  statisti¬ 
cal  theory  shows  that  even  if  the  original  population  of  the 
results  under  study  does  not  follow  a  normal  distribution, 
their  average  does.  That  is,  if  a  series  of  measurements  of 
the  variable  x\i  =  1,  A/Ts  repeated  M  times,  the  average  val¬ 
ues  xM\N  =  1,  M  follow  a  normal  distribution  even  though 
the  x’s  may  not.  This  result  is  known  as  the  central  limit 
theorem  and  holds  for  any  ensemble  of  random  variables 
with  finite  standard  deviation. 

In  reality,  no  distribution  of  experimental  data  can 
be  exactly  Gaussian,  since  the  Gaussian  extends  from 
to  +°°.  But  for  all  practical  purposes,  the  approximation 
is  good  and  it  is  widely  used  because  it  leads  to  excellent 
results. 

It  is  worth  reminding  the  reader  that  both  the  binomial 
(Figure  2.2)  and  Poisson  (Figure  2.3)  distributions  resemble  a 
Gaussian  under  certain  conditions.  This  observation  is  par¬ 
ticularly  important  in  radiation  measurements. 

The  results  of  radiation  measurements  are,  in  most  cases, 
expressed  as  the  number  of  counts  recorded  in  a  scaler.  These 
counts  indicate  that  particles  have  interacted  with  a  detector 
and  produced  a  pulse  that  has  been  recorded.  The  particles,  in 
turn,  have  been  produced  either  by  the  decay  of  a  radioisotope 
or  as  a  result  of  a  nuclear  reaction.  In  either  case,  the  emission 
of  the  particle  is  statistical  in  nature  and  follows  the  Poisson 
distribution.  However,  as  indicated  in  Section  2.9,  if  the  aver¬ 
age  of  the  number  of  counts  involved  is  more  than  about  20, 
the  Poisson  approaches  the  Gaussian  distribution.  For  this 
reason,  the  individual  results  of  such  radiation  measurements 
are  treated  as  members  of  a  normal  distribution. 

Consider  now  a  Poisson  distribution  and  a  Gaussian  dis¬ 
tribution  having  the  same  average,  m  —  25.  Obviously,  there 
is  an  infinite  number  of  Gaussians  with  that  average  but  with 
different  standard  deviations.  The  question  one  may  ask  is: 
"What  is  the  standard  deviation  of  the  Gaussian  that  may 
represent  the  Poisson  distribution  with  the  same  average?” 
The  answer  is  that  the  Gaussian  with  a  =  yfm  =  5  is  almost 
identical  with  the  Poisson.  Table  2.1  presents  values  of  the 
two  distributions,  and  Figure  2.8  shows  them  plotted. 

The  following  very  important  conclusion  is  drawn  from 
this  result: 

The  outcomes  of  a  series  of  radiation  measurements  are 
members  of  a  Poisson  distribution.  They  may  be  treated  as 


TABLE  2.1 


Comparison  between  a  Poisson  Distribution 
and  a  Gaussian  Distribution  Having  the 
Same  Mean  (m  =  25) 


n 

P„  (Poisson) 

G[n)  (Gaussian) 

0  =  5 

10 

0.0004 

0.0009 

12 

0.0017 

0.0027 

14 

0.0059 

0.0071 

16 

0.0154 

0.0168 

18 

0.0316 

0.0299 

20 

0.0519 

0.0484 

22 

0.0702 

0.0666 

24 

0.0795 

0.0782 

25 

0.0795 

0.0798 

26 

0.0765 

0.0782 

28 

0.0632 

0.0666 

30 

0.0454 

0.0484 

32 

0.0286 

0.0299 

34 

0.0159 

0.0168 

36 

0.0079 

0.0071 

38 

0.0035 

0.0027 

FIGURE  2.8  Comparison  between  a  Poisson  distribution 
with  m  =  25  and  a  Gaussian  distribution  with  the  same 
average  and  standard  deviation  0  =  Jm  =  5. 
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members  of  a  Gaussian  distribution  if  the  average  result  is  more  than  m  =  20.  The  standard 
deviation  of  that  Gaussian  distribution  is  o  =  sfm. 

Use  of  this  conclusion  is  made  in  Section  2.17,  which  discusses  statistics  of  radiation 
counting. 

2.11  LORENTZIAN  DISTRIBUTION 

The  Lorentzian  distribution,  which  describes  the  resonances  of  nuclear  reactions — in  par¬ 
ticular  how  the  probability  of  interaction  (cross  section,  see  Chapter  4)  changes  as  a  func¬ 
tion  of  particle  energy — is  given  by 


L{x)dx 


1  T/2 

n  (x  -  m)2  +  T2/4 


(2.67) 


where  L(x)dx  is  the  probability  that  the  value  of  x  lies  between  x  and  x  +  dx.  The  Lorentzian  is 
a  symmetric  function  (Figure  2.9)  centered  around  the  value  x  =  m.  It  can  be  easily  shown  that 


FIGURE  2.9  A  Lorentzian  distribution  peaking  atx=  25  and 
having  an  FWHM  equal  to  5. 


J  L(x)dx  =  1 


and  that 


x  = 


J  xL{x)dx 


=  m 


Thus,  the  mean  is  given  by  the  parameter  m  as 
expected  from  the  symmetry  of  the  function.  One  pecu¬ 
liar  characteristic  of  the  Lorentzian  is  the  fact  that  its 
variance  cannot  be  calculated.  Indeed,  the  integral 


=  V{x)  =  J  (x  -  m)2L(x)dx 


does  not  converge,  which  is  the  result  of  the  slow  decrease  of  the  function  away  from 
the  peak. 

In  the  absence  of  a  standard  deviation,  the  parameter  T  is  used  for  the  description  of 
the  Lorentzian.  The  parameter  T  is  equal  to  the  FWHM  of  the  function. 


2.12  STANDARD,  PROBABLE,  AND  OTHER  ERRORS 

Consider  a  measurement  or  a  series  of  measurements  that  gave  the  result  R  and  its  esti¬ 
mated  error  E.  The  experimenter  reports  the  result  as 

R±E  (2.68) 
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in  which  case  E  is  the  absolute  error  ( R  and  E  have  the  same  units),  or  as 

R  ±  8%  (2.69) 

where  8  =  (E/R)  100  =  relative  error  (dimensionless).  In  most  cases,  the  relative  rather  than 
the  absolute  error  is  reported. 

Whether  Equation  2.68  or  2.69  is  used,  the  important  thing  to  understand  is  that  R±E 
does  not  mean  that  the  correct  result  has  been  bracketed  between  R-E  and  R  +  E.  It  means 
only  that  there  is  a  probability  that  the  correct  result  has  a  value  between  R-E  and  R  +  E. 
What  is  the  value  of  this  probability?  There  is  no  unanimous  agreement  on  this  matter,  and 
different  people  use  different  values.  However,  over  the  years,  two  probability  values  have 
been  used  more  frequently  than  others  and  have  led  to  the  definition  to  two  corresponding 
errors,  the  standard  and  the  probable  error. 

The  standard  error.  If  the  result  of  a  measurement  is  reported  as  R  ±ES  and  Es  is  the 
standard  error,  then  there  is  a  68.3%  chance  for  the  true  result  to  have  a  value  between 
R-Es  and  R  +  Es. 

The  probable  error.  By  definition,  the  probable  error  is  equally  likely  to  be  exceeded  or 
not.  Therefore,  if  the  result  of  a  measurement  is  R  +  Ep  and  Ep  is  the  probable  error,  then 
there  is  a  50%  chance  for  the  true  result  to  have  a  value  between  R-Ep  and  R  +  Ep. 

Both  standard  and  probable  errors  are  based  on  a  Gaussian  distribution.  That  is,  it  is 
assumed  that  the  result  R  is  the  average  of  individual  outcomes  that  belong  to  a  normal 
distribution.  This  does  not  introduce  any  limitation  in  practice  because,  as  stated  in  Section 
2.10.2,  the  individual  outcomes  of  a  long  series  of  any  type  of  measurement  are  members 
of  a  Gaussian  distribution.’  With  the  Gaussian  distribution  in  mind,  it  is  obvious  that  the 
definition  of  the  standard  error  is  based  on  Equation  2.62.  If  a  result  is  R  and  the  standard 
error  is  Es,  then  Ex  =  O. 


R+Es 

f  1 

1 

1 

1 _ 

2a2 

dx  =  0.683 


Correspondingly,  the  probable  error  E  satisfies 


R+Ep 

f  1 

i 

i 

_ i 

J,(^h 

2a2 

dx  =  0.5 


It  can  be  shown  that 


Ep  =  0.6745£s  (2.70) 

The  standard  and  probable  errors  are  the  most  commonly  used  in  reporting  experi¬ 
mental  results.  Individual  researchers  may  define  other  errors  that  represent  a  different  per¬ 
centage  of  the  Gaussian.  For  example,  the  95%  error,  E95,  is  that  which  gives  a  95%  chance 


Exception:  Radiation  counting  measurements  with  m  <  20  obey  the  Poisson  distribution. 
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to  have  the  true  result  bracketed  between  R  -  E9S  and  R  +  E9S.  It  turns  out  that  E95  =  1.96a 
(see  Table  2.2). 


2.13  ARITHMETIC  MEAN  AND  ITS  STANDARD  ERROR 


Although  the  true  value  of  a  quantity  can  never  be  determined,  the  error  of  the  measure¬ 
ment  can  be  reduced  if  the  experiment  is  repeated  many  times. 

Consider  an  experiment  that  has  been  repeated  N  times,  where  N  is  a  large  number, 
and  produced  the  individual  outcomes  n\i  =  1,  N.  Let  the  frequency  of  occurrence  of  nt 
be  Pm.‘  If  one  plots  Pni  versus  nit  the  resulting  curve  resembles  a  Gaussian  distribution 
as  shown  in  Figure  2.10.  The  larger  the  value  of  N,  the  more  the  histogram  of  Figure  2.10 
coincides  with  a  normal  distribution.  Assume  that  the  line  of  Figure  2.10  is  an  accept¬ 
able  representation  of  the  experimental  results.  Under  these  circumstances,  how  should 
the  result  of  the  measurement  be  reported  and  its  standard  error  be  reported? 

The  result  of  the  measurement  is  reported  as  the  arithmetic  average  defined  by 


FIGURE  2.10  The  distri¬ 
bution  of  the  frequency  of 
occurrence  of  individual 
results  of  a  series  of 
identical  measurements 
tends  to  follow  a  Gaussian 
distribution. 


«i  +  n2  +  +  nN 

N 


(2.71) 


This  equation  is  the  same  as  Equation  2.31.  As  N  increases,  a  better  estimate  of 
the  true  value  of  n  is  obtained — that  is,  the  error  of  the  measurement  becomes  smaller. 
The  true  value  of  n,  which  is  also  called  the  true  mean,  can  only  be  obtained  with  an 
infinite  number  of  measurements.  Since  it  is  impossible  to  perform  an  infinite  number 
of  trials,  n  is  always  calculated  based  on  a  finite  number  of  measurements  as  shown  in 
Equation  2.71. 

The  error  of  n  depends  on  the  way  the  individual  measurements  are  distributed 
around  n  —  that  is,  it  depends  on  the  width  of  the  Gaussian  of  Figure  2.10.  As  the  width 
becomes  smaller,  the  error  becomes  smaller,  and  therefore  the  measurement  is  better. 
The  standard  error  of  n  is  defined  in  terms  of  the  standard  deviation  of  the  distribution. 
Using  Equation  2.34  and  setting  f(x)  =  UN,  the  standard  deviation  of  the  distribution 
becomes 


a 


2 


y  (n>  -  mf 

Zj  m 

i=  1 


(2.72) 


With  a  finite  number  of  measurements  at  our  disposal,  this  equation  for  o  has  to 
be  modified  in  two  ways.  First,  because  the  true  mean  m  is  never  known,  it  is  replaced 
by  its  best  estimate,  which  is  n  (Equation  2.71).  Second,  it  can  be  generally  shown  that 
the  best  estimate  of  the  standard  deviation  of  N  measurements  is  given  by  the  following 
equation: 


If  N=  1000  and  ni  has  occurred  15  times,  Pm  =  15/1000. 
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0 


.2 


(2.73) 


The  differences  between  Equations  2.72  and  2.73  are  the  use  of  n  instead  of  m  and  the 
use  of  N  —  1  in  the  denominator  instead  of  AT  For  a  large  number  of  measurements,  it  does 


not  make  any  practical  difference  if  one  divides  by  N  or  N-  1.  But  it  makes  a  difference  for 


small  values  of  N.  Using  the  extreme  value  of  N=  1,  one  can  show  that  division  by  N  gives 
the  wrong  result.  Indeed,  dividing  by  N  (Equation  2.72),  one  obtains 


.2 


0 


Zero  0  means  zero  error,  which  is  obviously  wrong.  The  error  is  never  zero,  certainly 
not  in  the  case  of  a  single  measurement.  Division  by  N—  1,  on  the  other  hand,  gives 


1 


2  _  o 

~~  0 


.2 


0 


N -1 


which,  being  indeterminate,  is  a  more  realistic  value  of  the  error  based  on  a  single 
measurement. 

Since  the  N  results  are  distributed  as  shown  in  Figure  2.10,  68.3%  of  the  outcomes  fall 
between  n  —  0  and  n  +  0  (see  Equation  2.62).  Therefore,  one  additional  measurement  has 
a  68.3%  chance  of  providing  a  result  within  n  ±  0.  For  this  reason,  0  is  called  the  standard 
deviation  or  the  standard  error  of  a  single  measurement.  Is  this  equal  to  the  standard  error 
of  n  ?  No,  and  here  is  why. 

According  to  the  definition  of  the  standard  error,  if  0(7  is  the  standard  error  of  h,  it 
ought  to  have  such  a  value  that  a  new  average  h  would  have  a  68.3%  chance  of  falling 
between  n  -  0,7  and  h  +  0,7.  To  obtain  the  standard  error  of  n,  consider  Equation  2.71  as 
a  special  case  of  Equation  2.36a.  The  quantity,  h,  is  a  linear  function  of  the  uncorrelated 
random  variables  nv  «2,...,«N  each  with  standard  deviation  0.  Therefore, 


N 


where  at  =  UN.  Using  Equation  2.41,  the  standard  deviation  of  n  is 


(2.74) 


The  factor  N—  1  is  equal  to  the  “degrees  of  freedom”  or  the  number  of  independent  data  or  equations  provided 


by  the  results.  The  N  independent  outcomes  constitute,  originally,  N  independent  data.  However,  after  n  is 
calculated,  only  N—  1  independent  data  are  left  for  the  calculation  of  o. 
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If  the  series  of  N  measurements  is  repeated,  the  new  average  will  probably  be  different 
from  n,  but  it  has  a  68.3%  chance  of  having  a  value  between  n  -  0,7  and  n  +  0,7.  The  result 
of  the  N  measurements  is  reported  as 


n  ±  0,7 


(2.75) 


When  a  series  of  measurements  is  performed,  it  would  be  desirable  to  calculate  the 
result  in  such  a  way  that  the  error  is  a  minimum.  It  can  be  shown  that  the  average  n,  as 
defined  by  Equation  2.71,  minimizes  the  quantity 

X("  -”!)2 

;= 1 

which  is  proportional  to  the  standard  error.  Finally,  Equation  2.75  shows  that  the  error  is 
reduced  if  the  number  of  trials  increases.  However,  that  reduction  is  proportional  to  11-Jn, 
which  means  that  the  number  of  measurements  should  be  increased  by  a  factor  of  100  to  be 
able  to  reduce  the  error  by  a  factor  of  10. 


2.14  CONFIDENCE  LIMITS 

Consider  a  variable  xt  that  represents  the  value  of  the  ith  sample  of  a  large  population  of 
specimens.  The  variable  xt  may  be  the  diameter  of  a  sphere  or  the  thickness  of  the  cladding 
of  a  fuel  rod  or  the  length  of  the  fuel  rod.  A  designer  may  desire  a  certain  diameter  of  the 
sphere  or  a  certain  thickness  of  the  fuel  cladding  or  a  certain  length  of  the  fuel  rod.  What 
happens  during  actual  fabrication  is  that  the  individual  units  produced  are  not  exactly  the 
same  in  size.  The  person  who  examines  individual  units,  as  they  are  constructed,  machined, 
or  fabricated,  will  find  that  there  is  a  distribution  of  values  for  the  quantity  being  examined. 
The  average  value  is  equal  to  that  specified  in  the  blueprints  and  is  called  the  nominal  value. 
Individual  specimens,  however,  have  values  of  x  distributed  around  the  nominal  value  x„ 
according  to  a  Gaussian  distribution 


G{x) 


1 

1 

CN 

s 

K 

1 

1 _ 

/  / — \  exp 
Iv2rt J0 

202 

where 

xn  =  nominal  value  of  x  =  average  value  of  x 

0  =  standard  deviation  of  the  distribution 

The  manufacturer  of  any  product  would  like  to  know  what  the  probability  is  that  any 
one  item  will  deviate  from  the  nominal  value  by  a  certain  amount.  Or,  setting  some  accept¬ 
able  value  of  x,  call  it  xa,  the  manufacturer  would  like  to  know  what  is  the  probability  that 
x  will  be  bigger  than  xa.  Questions  of  this  type  come  under  the  subject  of  “quality  control.” 
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The  probability  that  x  will  exceed  xa  is  given  by 


P(x  >  xa)  = 


f  dx 

( X  Xn) 

Wcxp 

2  o2 

(2.76) 


The  acceptable  value  of  x  is  usually  expressed  as 

xa  =  xn  +  ko  (2.77) 

that  is,  the  extreme  acceptable  value  of  x,  xa,  is  allowed  to  be  k  standard  deviations  different 
from  xn. 

In  terms  of  the  standard  normal  distribution,  Equation 
form 

P(t  >k)=  f  —F=e~t2'2dt 

J  V27t 

k 

where 


0 

and 


P(t  >  k)  =  probability  that  x  will  exceed  xa  by  k 
standard  deviations 

Table  2.2  gives  values  of  P(t>  k)  for  several  values  of  k. 
The  values  in  Table  2.2  are  interpreted  as  follows: 

Consider  k=  1.  The  probability  that  x  will  exceed  xa 
where  xa  =  xn  +  0  is  15.9%.  If  x  is  some  property  of  a  manu¬ 
factured  product,  it  is  said  that  the  confidence  limit  is,  in  this 
case,  1  -  0.159  =  0.841  or  84.1%,  that  is,  84.1%  of  the  speci¬ 
mens  will  have  x  <xa  (Figure  2.11).  If  k=  2,  the  probability 
that  x  will  exceed  xa  is  equal  to  2.3%;  therefore,  the  confi¬ 
dence  limit  is  97.7%. 

In  actual  construction  or  fabrication  of  an  item,  the  G  aussian 
distribution  is  determined  by  checking  the  variable  x  for  a  large 
number  of  specimens.  An  average  value  ofx  is  calculated: 

N 

x  =  — 'V'  Xj  (2.71a) 

N  x—i 

i=l 


(2.78) 


(2.79) 


FIGURE  2.11  The  probability  that  x  will  exceed  xa,  where 
xc  =xn  +  a,  is  15.9%  (shaded  area).  The  confidence  limit  is 
1-0.159,  or  84.1%. 


TABLE  2.2 

Probability  Values  and  Confidence 
Limits 


Number  of  Standard  Confidence 


Deviations  (k) 

P(x  >  xj 

Limit 

0 

0.500 

50.0 

1.0 

0.159 

84.1 

1.285 

0.100 

90.0 

1.5 

0.067 

93.3 

1.645 

0.050 

95.0 

1.96 

0.025 

97.5 

2.0 

0.023 

97.7 

2.5 

0.006 

99.4 

3.0 

0.0013 

99.87 
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and  a  standard  deviation 


is  obtained.  The  average  x  should  be  almost  equal  to  the  nominal  value  of  x.  A  Gaussian 
distribution  for  this  sample  peaks  at  x  and  has  a  standard  deviation  0.  Knowing  0,  the  value 
of  xa  is  calculated  from  Equation  2.77  after  the  confidence  limit— the  value  of  k—  has  been 
decided  upon. 

The  use  of  the  concept  of  confidence  limits  is  widespread  in  industry.  As  a  specific 
example,  let  us  assume  that  x  is  the  thickness  of  the  cladding  of  a  reactor  fuel  rod.  The  aver¬ 
age  (nominal)  thickness  is  x„.  The  reactor  designer  would  like  to  be  certain  that  a  certain 
fraction  of  fuel  rods  will  always  have  thickness  within  prescribed  limits.  Let  us  say  that  the 
designer  desires  a  confidence  limit  of  99.87%.  This  means  that  no  more  than  13  rods  out  of 
10,000  will  be  expected  to  have  cladding  thickness  exceeding  the  nominal  value  by  more 
than  three  standard  deviations  (Table  2.2). 


2.15  PROPAGATION  OF  ERRORS 

2.1 5.1  The  Average  and  Its  Standard  Deviation  for  Quantities 
with  More  than  One  Random  Variable 

Sometimes  an  investigator  has  to  determine  a  quantity  that  is  a  function  of  more  than 
one  random  variable.  In  such  cases,  it  is  very  important  to  know  how  to  calculate  the 
error  of  the  complex  quantity  in  terms  of  the  errors  of  the  individual  random  vari¬ 
ables.  This  procedure  is  generally  known  as  propagation  of  errors  and  is  described  in 
this  section. 

Consider  the  function f(xv  x2,...,xM)  that  depends  on  the  random  variables  xv  x2,...,xM. 
Generally,  the  values  of  xv  x2,...,xM  are  determined  experimentally  and  then  the  value  of 
f{xv  x2,...,xM)  is  calculated.  For  example, 

1.  f{Xi,X2)  =  Xi±X2 

2.  f(x  1,x2)  =  x1x2 

3.  f(xi,x2)  =  x1lx2 

4.  f(x  1,  x2 )  =  In  (xi  +  x2 ) 

5.  f(x)  =  x2 

6.  f{x i,x2,x3)  =  (xi  +  x2)lx3,  and  so  on 

It  has  already  been  mentioned  that  the  x’s  are  determined  experimentally,  which 
means  that  average  values  Xi,x2,...,xM  are  determined  along  with  their  standard  errors 
01,  02,...,  0m-  Two  questions  arise: 

1.  What  is  the  value  of f(xl,...,xM)  that  should  be  reported? 

2.  What  is  the  standard  error  of f(xv...,x 
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It  is  assumed  that  the  function  f{xv...,xM)  can  be  expanded  in  a  Taylor  series  around 
the  averages  xt\ i  =  1,  M 


fix  1,  X2,...,  XM)  =  f(x 1,  x2,...,  xM)  +  y , (Xj  -  *,)—  +  0(Xi  -  Xi) 


The  notation  used  for  the  derivative  is 


3/  =  3/ 
3  Xi  3  Xi 


The  term  0(x;  —  xf2  includes  all  the  terms  of  order  higher  than  first,  and  it  will  be 
ignored.  Thus,  the  function  is  written  as 


5/ 


fix  1,  X2,..„  XM)  =  f{x  1,  x2,..„  xm )  +  y  (*,-  - 


(2.80) 


Equation  2.80  is  a  special  case  of  Equation  2.36a.  The  average  value  of fixv...,xM),  which 
is  the  value  to  be  reported,  is 


/  =  fixltx2,  ...,  xM) 
The  variance  of fixv...,xM)  is  given  by  Equation  2.40: 


(2.81) 


PijCiC  j 


(2.82) 


where  p/y  is  the  correlation  coefficient  given  by  Equation  2.39. 

The  standard  error f(xv...,xM)  is  equal  to  the  standard  deviation 


o2  = 


3  Xj 


K 

dxi 


rdf^ 

ydXjj 


PijGiGj 


(2.83) 


Equations  2.81  and  2.83  are  the  answers  to  questions  1  and  2  stated  previously.  They 
indicate,  first,  that  the  average  of  the  function  is  calculated  using  the  average  values  of  the 
random  variables  and,  second,  that  its  standard  error  is  given  by  Equation  2.83.  Equation 
2.83  looks  complicated,  but  fortunately,  in  most  practical  cases,  the  random  variables  are 
uncorrelated— that  is,  ptj=  0,  and  Equation  2.83  reduces  to 


°7 


(2.84) 
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Unless  otherwise  specified,  the  discussion  in  the  rest  of  this  chapter  will  concern  only 
uncorrelated  variables.  Therefore,  Equations  2.81  and  2.84  will  be  used.  The  reader,  how¬ 
ever,  should  always  keep  in  mind  the  assumption  under  which  Equation  2.84  is  valid. 

2.15.2  Examples  of  Error  Propagation — Uncorrelated  Variables 

Examples  of  error  propagation  formulas  for  many  common  functions  are  given  in  this 
section.  In  all  cases,  uncorrelated  variables  are  assumed. 


r 


EXAMPLE  2.13 


f(xu  x2)  =  a,x,  +  a2x2  where  a,  and  a2  are  constants 


f  =  a^,  +  a2x2 


(2.85) 


If  a,  =  a2  =  1,  this  example  applies  to  the  very  common  case  of  summation  or  difference 
of  two  variables. 


V 


r 


EXAMPLE  2.14 


f(xu  x2)  =  ax,x2  where  a  is  a  constant 


f  =  ax,x2 


r 


EXAMPLE  2.15 


f(x1;  x2)  =  ax,/x2 


V 


J 
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The  standard  error  for  Examples  2.14  and  2.15  takes  a  simpler  and  easy-to-remember 
form  for  both  the  product  and  the  quotient  if  it  is  expressed  as  the  relative  error.  It  is  trivial 
to  show  that 


f 


(2.86) 


Thus,  the  relative  error  of  the  product  axfx2  or  the  quotient  ax1/x2  is  equal  to  the  square 
root  of  the  sum  of  the  squares  of  the  relative  errors  of  the  variables  x1  and  x2. 


r 


EXAMPLE  2.16 

f(x)  =  xm,  where  m  is  some  real  number 


or 


CT* 

X 


J 


r 


EXAMPLE  2.17 


1 


f(x)  =  eax 


f  =  e“ 

'  (1)°' ' 


or 


f 


=  act* 


J 
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There  is  another  very  important  use  of  Equation  2.84,  which  has  to  do  with  the 
calculation  of  the  variation  of  a  function  in  terms  of  changes  of  the  independent  variables. 
Consider  again  the  function  (xl7  x2,...,xM)  and  assume  that  the  variables  xv  x2,...,xM  have 
changed  by  the  amounts  Axv  Ax2,...,AxM.  The  variation  or  change  of f{xv...,xM) A  is  given  by 
(for  uncorrelated  variables) 


(2.87) 


Equation  2.87  should  not  be  used  if  it  is  specified  what  the  change  of  variable  is,  that  is,  if 
the  change  is  a  decrease  or  an  increase.  If  the  change  is  known,  one  should  calculate  the 
function  f(xv  x2,...,xM)  using  the  new  values  of  the  x’s  and  obtain  Afby  subtracting  the  new 
from  the  old  value. 


f - 'N 

EXAMPLE  2.18 

The  speed  of  sound  is  obtained  by  measuring  the  time  it  takes  for  a  certain  sound  signal 
to  travel  a  certain  distance.  What  is  the  speed  of  sound  and  its  standard  error  if  it  takes 
the  sound  2.5  +  0.125  s  to  travel  850  ±  5  m? 

Answer 

f(x ,,  x2)  =  u  =  —  =  =  340  m/s 

t  2.5 

To  calculate  the  error,  use  Equation  2.86: 


The  result  is  340  ±  17  m/s. 

k _ > 


( - \ 

EXAMPLE  2.19 

A  beam  of  photons  going  through  a  material  of  thickness  x  is  attenuated  in  such  a 
way  that  the  fraction  of  photons  traversing  the  material  is  e~ where  the  constant  |i 
is  called  the  attenuation  coefficient.  If  the  thickness  of  the  material  changes  by  10%, 
by  how  much  will  the  emerging  fraction  of  photons  change?  Take  x  =  0.01  m  and 
(t  =  15  nrr1. 
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Answer 

This  is  a  case  requiring  the  use  of  Equation  2.87. 


f(x)  =  e“>“ 


—  Ax  =  -|te  '“Ax 
dx  ) 


Af 

f 


-pAx  =  — |tx 


=  -(1  5)(0.01)(0.1  0)  =  -0.015 


Therefore,  if  the  thickness  increases  by  10%,  the  fraction  of  emerging  photons  decreases 
by  1.5%. 


V 


2.16  GOODNESS  OF  DATA — %2  CRITERION— REJECTION 
OF  DATA 


When  data  are  obtained  during  an  experiment,  it  is  desirable  to  be  able  to  determine  if  the 
recording  system  works  well  or  not.  The  experimenter  should  ask  the  question:  Are  all  the 
obtained  data  true  (due  to  the  phenomenon  studied),  or  are  some  or  all  due  to  extrane¬ 
ous  disturbances  that  have  nothing  to  do  with  the  measurement?  A  number  of  tests  have 
been  devised  for  the  purpose  of  checking  how  reliable  the  results  are,  that  is,  checking  the 
"goodness  of  data.”  A  good  review  for  the  basic  applications  of  the  chi-square  statistic  using 
counting  data  has  been  given  by  Tries.1 

Before  any  tests  are  applied,  an  investigator  should  use  common  sense  and  try  to  avoid 
erroneous  data.  First  of  all,  a  good  observer  will  never  rely  on  a  single  measurement.  He  or 
she  should  repeat  the  experiment  as  many  times  as  is  feasible  (but  at  least  twice)  and  observe 
whether  the  results  are  reproducible  or  not.  Second,  the  observer  should  check  the  results  to 
see  how  they  deviate  from  their  average  value.  Too  large  or  too  small  deviations  are  suspi¬ 
cious.  The  good  investigator  should  be  alert  and  should  check  such  data  very  carefully.  For 
example,  if  for  identical,  consecutive  measurements  one  gets  the  following  counts  in  a  scaler: 


10,000  10,000  10,000  10,002  9999  9998 


the  apparatus  is  not  necessarily  very  accurate;  it  is  probably  faulty.  In  any  event,  a  thorough 
check  of  the  whole  measuring  setup  should  be  performed. 

The  test  that  is  used  more  frequently  than  any  other  to  check  the  goodness  of  data  is 
the  x2  criterion  (chi  square),  or  Pearson’s  %2  test.  The  %2  test  is  based  on  the  quantity 


N 


-  «;)2 


(2.88) 


n 


where  n\i  =  1,  N represents  the  results  of  N  measurements  with  n  being  the  average. 
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To  apply  the  %2  test,  one  first  calculates  %2  using  Equation  2.88.  Then,  using  Table 
2.3,  the  corresponding  probability  is  obtained.  The  meaning  of  the  probability  values 
listed  in  Table  2.3  is  the  following.  If  the  set  of  measurements  is  repeated,  the  value  of 
X2  gives  the  probability  to  obtain  a  new  %2  that  is  larger  or  smaller  than  the  first  value. 
For  example,  assume  that  N  =  15  and  %2  =  4.66.  From  the  table,  the  probability  is  0.99, 
meaning  that  the  probability  for  a  new  set  of  measurements  to  give  a  %2  <  4.66  is  less  than 
1  -  0.99,  that  is,  less  than  1%.  What  this  implies  is  that  the  data  are  clustered  around  the 
mean  much  closer  than  one  would  expect.  Assume  next  that  N  =  15  and  %2  =  29.14.  Now 
from  the  table,  the  probability  to  get  %2  >  29.14  is  only  1%  or  less.  In  this  case,  the  data 


TABLE  2.3 

Probability  Table  for  %2  Criterion3 


Degrees  of  Probability 


Freedomb  (/V  —  1 ) 

0.99 

0.95 

0.90 

0.50 

0.10 

0.05 

0.01 

2 

0.020 

0.103 

0.211 

1.386 

4.605 

5.991 

9.210 

3 

0.115 

0.352 

0.584 

2.366 

6.251 

7.815 

1 1 .345 

4 

0.297 

0.711 

1.064 

3.357 

7.779 

9.488 

13.277 

5 

0.554 

1.145 

1.610 

4.351 

9.236 

1 1 .070 

1 5.086 

6 

0.872 

1.635 

2.204 

5.348 

1 0.645 

1 2.592 

16.812 

7 

1.239 

2.167 

2.833 

6.346 

12.017 

14.067 

18.475 

8 

1.646 

2.733 

3.490 

7.344 

13.362 

15.507 

20.090 

9 

2.088 

3.325 

4.168 

8.343 

14.684 

16.919 

21.666 

10 

2.558 

3.940 

4.865 

9.342 

15.987 

1 8.307 

23.209 

11 

3.053 

4.575 

5.578 

10.341 

1 7.275 

19.675 

24.725 

12 

2.571 

5.226 

6.304 

1 1 .340 

1 8.549 

21.026 

26.217 

13 

4.107 

5.892 

7.042 

1 2.340 

19.812 

22.363 

27.688 

14 

4.660 

6.571 

7.790 

13.339 

21.064 

23.685 

29.141 

15 

5.229 

7.261 

8.547 

14.339 

22.307 

24.996 

30.578 

16 

5.812 

7.962 

9.312 

15.338 

23.542 

26.296 

32.000 

17 

6.408 

8.672 

10.085 

16.338 

24.769 

27.587 

33.409 

18 

7.015 

9.390 

10.865 

17.338 

25.989 

28.869 

34.805 

19 

7.633 

10.117 

11.651 

18.338 

27.204 

30.144 

36.191 

20 

8.260 

10.851 

1 2.443 

19.337 

28.412 

31.410 

37.566 

21 

8.897 

11.591 

13.240 

20.337 

29.615 

32.671 

38.932 

22 

9.542 

12.338 

14.041 

21.337 

30.813 

33.924 

40.289 

23 

10.196 

13.091 

14.848 

22.337 

32.007 

35.172 

41.638 

24 

10.856 

1 3.848 

15.659 

23.337 

33.196 

36.415 

42.980 

25 

11.534 

14.611 

16.473 

24.337 

34.382 

37.382 

44.314 

26 

12.198 

15.379 

17.292 

25.336 

35.563 

38.885 

45.642 

27 

12.879 

16.151 

18.114 

26.336 

36.741 

40.113 

46.963 

28 

13.565 

16.928 

18.939 

27.336 

37.916 

41.337 

48.278 

29 

14.256 

1 7.708 

19.768 

28.336 

39.087 

42.557 

49.588 

a  Calculated  values  of  x2  will  be  equal  to  or  greater  than  the  values  given  in  the  table. 

b  See  footnote  on  p.  41. 
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are  scattered  in  a  pattern  around  the  mean  that  is  wider  than  one  might  expect.  Finally, 
consider  N  =  15  and  %2  =  13.34.  The  probability  is  then  0.5,  which  means  that,  from  a  new 
set  of  measurements,  it  is  equally  probable  to  get  a  value  of  %2  that  is  smaller  or  larger  than 
13.34.  Note  that  the  probability  is  close  to  0.5  when  %2  ~  N  -  1.  In  practice,  a  range  of 
acceptable  %2  values  is  selected  in  advance;  then  a  set  of  data  is  accepted  if  %2  falls  within 
this  preselected  range. 

What  should  one  do  if  the  data  fail  the  test?  Should  all,  some,  or  none  of  the  data  be 
rejected?  The  answer  to  these  questions  is  not  unique,  but  rather  depends  on  the  criteria 
set  by  the  observer  and  the  type  of  measurement.  If  the  data  fail  the  test,  the  experimenter 
should  be  on  the  lookout  for  trouble.  Some  possible  reasons  for  trouble  are  the  following: 

1.  Unstable  equipment  may  give  inconsistent  results,  for  example,  spurious  counts 
generated  by  a  faulty  component  of  an  instrument. 

2.  External  signals  may  be  picked  up  by  the  apparatus  and  be  “recorded.”  Sparks,  radio 
signals,  welding  machines,  and  so  on  produce  signals  that  may  be  recorded  by  a 
pulse-type  counting  system. 

3.  If  a  number  of  samples  are  involved,  widely  scattered  results  may  be  caused  by  lack 
of  sample  uniformity. 

4.  A  large  %2  may  result  from  one  or  two  measurements  that  fall  far  away  from  the 
average.  Such  results  are  called  the  “outliers.”  Since  the  results  are  governed  by  the 
normal  distribution,  which  extends  from  — to  +°°,  in  theory,  at  least,  all  results  are 
possible.  In  practice,  it  is  somewhat  disturbing  to  have  a  few  results  that  seem  to  be 
way  out  of  line. 

Should  the  outliers  be  rejected?  And  by  what  criterion?  One  should  be  conservative 
when  rejecting  data  for  three  reasons: 

1.  The  results  are  random  variables  following  the  Gaussian  distribution.  Therefore, 
outliers  are  possible. 

2.  As  the  number  of  measurements  increases,  the  probability  of  an  outlier 
increases. 

3.  In  a  large  number  of  measurements,  the  rejection  of  an  outlier  has  small 
effect  on  the  average,  although  it  makes  the  data  look  better  by  decreas¬ 
ing  the  dispersion. 


One  of  the  criteria  used  for  data  rejection  is  Chauvenet’s  criterion,  stated  as 
follows: 

A  reading  or  outcome  may  be  rejected  if  it  has  a  deviation  from  the  mean  greater  than 
that  corresponding  to  the  1  -  (l/2A/j,  where  N  is  the  number  of  measurement. 

Data  used  with  Chauvenet’s  criterion  are  given  in  Table  2.4.  For  example,  in  a 
series  of  10  measurements,  1  -  1/2 N  =  1  -  1/20  =  0.95.  If  «,•  -  n  exceeds  the  95% 
error  (1.96a),  then  that  reading  could  be  rejected.  In  that  case,  a  new  mean  should  be  calcu¬ 
lated  without  this  measurement  and  also  a  new  standard  deviation. 

The  use  of  Chauvenet’s,  or  any  other,  criterion  is  not  mandatory.  It  is  up  to  the  observer 
to  decide  if  a  result  should  be  rejected  or  not. 


TABLE  2.4 

Data  for  Chauvenet's  Criterion 

Number  of  Standard 

Number  of 

Deviations  away 

Measurements 

from  Average 

2 

1.15 

3 

1.38 

4 

1.54 

5 

1.65 

10 

1.96 

15 

2.13 

25 

2.33 
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2.17  STATISTICAL  ERROR  OF  RADIATION 
MEASUREMENTS 

Radioactive  decay  is  a  truly  random  process  that  obeys  the  Poisson  distribution,  according 
to  which  the  standard  deviation  of  the  true  mean  m  is  yfin.  However,  the  true  mean  is  never 
known  and  can  never  be  found  from  a  finite  number  of  measurements.  But  is  there  a  need 
for  a  large  number  of  measurements? 

Suppose  one  performs  only  one  measurement  and  the  result  is  n  counts.  The  best  esti¬ 
mate  of  the  true  mean,  as  a  result  of  this  single  measurement,  is  this  number  n.  If  one  takes 
this  to  be  the  mean,  its  standard  deviation  will  be  ~Jn. 

Indeed,  this  is  what  is  done  in  practice.  The  result  of  a  single  count  n  is  reported  as 
n  ±  yjn,  which  implies  that 


1.  The  outcome  n  is  considered  the  true  mean. 

2.  The  standard  deviation  is  reported  as  the  standard  error  of  n. 

The  relative  standard  error  of  the  count  n  is 

o„  _  *Jn  _  1 
n  n  yjn 


(2.89) 


TABLE  2.5 

Percent  Standard 

Error  of  n  Counts 

n 

%  Standard 

Error  of n 

100 

10 

1000 

3.16 

10,000 

1 

100,000 

0.316 

1 ,000,000 

0.1 

which  shows  that  the  relative  error  decreases  if  the  number  of  counts  obtained  in  the  scaler 
increases.  Table  2.5  gives  several  values  of  n  and  the  corresponding  percent  standard  error. 
To  increase  the  number  n,  one  either  counts  for  a  long  time  or  repeats  the  measurement 
many  times  and  combines  the  results.  Repetition  of  the  measurement  is  preferable  to  one 
single  long  count  because  by  performing  the  experiment  many  times,  the  reproducibility  of 
the  results  is  checked. 

Consider  now  a  series  of  N  counting  measurements  with  the  individual  results 
nt\i  =  1,  N.  It  is  assumed  that  the  counts  nl  were  obtained  under  identical  conditions  and 
for  the  same  counting  time;  thus,  their  differences  are  solely  due  to  the  statistical  nature 
of  radiation  measurements.  Each  number  «,  has  a  standard  deviation  0,  =  ^Jni.  The  aver¬ 
age  of  this  series  of  measurements  is,  using  Equation  2.31, 


n = jj1Lni  (2-3i) 


The  standard  error  of  n  can  be  calculated  in  two  ways: 

1.  The  average  n  is  the  best  estimate  of  a  Poisson  distribution  of  which  the  out¬ 
comes  n\i  =  1,  N  are  members.  The  standard  deviation  of  the  Poisson  distribu¬ 
tion  is  (see  Section  2.9)  o  =  yfm  =  Vff.  The  standard  error  of  the  average  is  (see 
Equation  2.75) 


a 


n 


a 

Vtv 


(2.90) 
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2.  The  average  n  may  be  considered  a  linear  function  of  the  independent  variables  nt, 


each  with  standard  error  N fn ~t.  Then,  using  Equation  2.84,  one  obtains 


(2.91) 


where 


Htot  =  «i  +  «2  +  +  nN  =  number  of  counts  obtained  from  N  measurements 

It  is  not  difficult  to  show  that  Equations  2.90  and  2.91  are  identical. 

In  certain  cases,  the  observer  needs  to  combine  results  of  counting  experiments  with 
quite  different  statistical  uncertainties.  For  example,  one  may  have  to  combine  the  results  of 
a  long  and  short  counting  measurement.  Then  the  average  should  be  calculated  by  weight¬ 
ing  the  individual  results  according  to  their  standard  deviations  (see  Bevington  et  al.  and 
Eadie  et  al.).  The  equation  for  the  average  is 


n 


(2.92) 


r 


EXAMPLE  2.20 


Table  2.6  presents  typical  results  of  10  counting  measurements.  Using  these  data,  the 
average  count  and  its  standard  error  will  be  calculated  using  Equations  2.90  and  2.91. 


Using  Equation  2.90  or  Equation  2.91,  the  standard  error  of  n  is 


One  could  use  Equations  2.73  and  2.74  for  the  calculation  of  o  and  crs.  The  result  is 


For  radiation  measurements  use  of  Equations  2.90  and  2.91  is  preferred. 
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TABLE  2.6 

Typical  Results  of  a  Counting  Experiment 

Number  of  Counts  Obtained  in 

Square  of  Deviation, 

Observation,  i 

the  Scaler,  n, 

(n,  -  it)2 

1 

197 

81 

2 

210 

16 

3 

200 

36 

4 

198 

64 

5 

205 

1 

6 

195 

121 

7 

190 

256 

8 

220 

196 

9 

215 

81 

10 

230 

576 

Totals 

2060 

1428 

v _ y 

2.18  STANDARD  ERROR  OF  COUNTING  RATES 

In  radiation  measurements,  a  number  of  counts  is  recorded  by  a  scaler  (or  other  instrument) 
with  the  sample  present  (called  the  gross  count  G)  and  next  with,  the  sample  removed, 
another  count  is  taken  to  record  the  background  B.  What  is  reported  is  the  net  counting 
rate  and  its  standard  error.  The  necessary  computations  are  presented  in  this  section.  The 
following  symbols  and  definitions  are  used: 

G  =  number  of  counts  recorded  by  the  scaler  in  time  tG  with  the  sample  present 
=  gross  count 

B  =  number  of  counts  recorded  by  the  scaler  in  time  tB  without  the  sample 
=  background  count 


g  =  —  =  gross  counting  rate 
tG 

b  =  —  =  background  counting  rate 
tB 

G  B 

r  =  net  counting  rate  = - =  g  -  b  (2.93)* 

tG  tB 


The  standard  error  of  the  net  counting  rate  can  be  calculated  based  on  Equation  2.84 
and  by  realizing  that  r  is  a  function  of  four  independent  variables  G,  tG,  B,  and  tB: 


or  = 


(2.94) 


When  the  counting  rate  is  extremely  high,  the  detector  may  be  missing  some  counts.  Then  a  “dead  time”  cor¬ 
rection  is  necessary,  in  addition  to  background  subtraction;  see  Section  2.21. 
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The  electronic  equipment  available  today  is  such  that  the  error  in  the  measurement  of 
time  is,  in  almost  all  practical  cases,  much  smaller  than  the  error  in  the  measurement  of 
G  and  B.  Unless  otherwise  specified,  atG  and  atB  will  be  taken  as  zero.*  Then  Equation  2.94 
takes  the  form 


(2.95) 


The  standard  errors  of  G  and  B  are 


oG  =  VG  aB  =  4b 


Using  Equations  2.93  and  2.95,  one  obtains  for  the  standard  error  of  the  net  counting 

rate, 


(2.96) 


It  is  important  to  note  that  in  the  equation  for  the  net  counting  rate,  it  is  the  quanti¬ 
ties  G,  B,  tG,  and  tB  that  are  the  independent  variables,  not  g  and  b.  The  error  of  r  will  be 
calculated  from  the  error  in  G,  B,  tG,  and  tB.  It  is  very  helpful  to  remember  the  following 
rule: 

The  statistical  error  of  a  certain  radiation  count  is  determined from  the  number  recorded 
by  the  scaler.  That  number  is  G  and  B,  not  the  rates  g  and  b. 


r 


"N 


EXAMPLE  2.21 


A  radioactive  sample  gave  the  following  counts: 


C  =  1000  tc  =  2min  8  =  500  tB  =  10min 


What  is  the  net  counting  rate  and  its  standard  error? 


Answer 


r 


fc  tj  2  10 


r  =  450  +  16  =  450  +  3.5% 


The  errors  ctG  and  OtB  may  become  important  in  experiments  where  very  accurate  counting  time  is  paramount 
for  the  measurement. 
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A  common  error  made  is  the  following.  Since  r=g  —  b,  one  is  tempted  to  write 

ct,.  =  +  al  =  yj(yfg')  +  (-v/^)  =  yjg  +  b  =  a/500  +  50  =  23  counts/min 

This  result,  ar  =  23,  is  wrong  because 

ag  ^  yfg  and  ab  ^  *Jb 

The  correct  way  to  calculate  the  standard  error  based  on  g  and  b  is  to  use 

Vg  VTooo  4b  V500 

CJff  —  —  CT  fj  —  — 

*  te  2  tB  10 

Then 


/— j - t  G  A 

or  =  +  a  *  =  —  +  —  =  16  counts/min 

v 

Usually,  one  determines  G  and  5,  in  which  case  Or  is  calculated  from  Equation  2.96. 
However,  sometimes  the  background  counting  rate  and  its  error  have  been  determined 
earlier.  In  such  a  case,  Or  is  calculated  as  shown  in  Example  2.22. 


( - \ 

EXAMPLE  2.22 

A  radioactive  sample  gave  G  =  1000  counts  in  2  min.  The  background  rate  of  the  count¬ 
ing  system  is  known  to  be  b  =  100  ±  6  counts/min.  What  is  the  net  counting  rate  and 
its  standard  error? 

Answer 

r  = - b  = -  100  =  400  counts/mm 

tc  2 

°r  =  |ll)  +  W)  01  =  ]l§  +  °2b  =  i2T  +  &2  =  ^  =  17  counts/min 

In  this  problem,  b  and  ab  are  given,  not  B  and  tB.  The  standard  error  of  the  background 
rate  has  been  determined  by  an  earlier  measurement.  Obviously,  b  was  not  determined 
by  counting  for  1  min,  because  in  that  case,  one  would  have 

B  =  100  =  1  min  b  =  100  counts/min 

Vs  VToo 

V'-T'10 

s _ > 
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2.18.1  Combining  Counting  Rates 

If  the  experiment  is  performed  N  times  with  results 


Gi,G2,G3 


B\,  B2,  Bh 


for  gross  and  background  counts,  the  average  net  counting  rate  is 


r  = 


N  'g,  B^ 


1  yr,  = 1  y 

AftfUa  tBi 


N 


In  most  cases,  tGi  and  tBi  are  kept  constant  for  all  N  measurements.  That  is,  tGi  =  tG  and 
tBi  =  tB.  Then 


JLyf^^ 


_  Ug__b_ 

N  y  tG  tB 


(2.97) 


where 


G  =  ^^G;  and  B  =  y  B, 


The  standard  error  of  the  average  counting  rate  is,  using  Equations  2.84  and  2.96, 


Or  = 


AT 


2/*  -  i  I 


Q  %  )=1_  |G  B 
tl  tl)  N\t2G  t\ 


(2.98) 


A  special  case.  Sometimes  the  background  rate  is  negligible  compared  to  the  gross 
counting  rate.  Then,  Equation  2.98  becomes 


Of  = 


1  Vg 

N  tG 


In  that  case,  the  relative  standard  error  is 

qr  _  (l/N)jG/tG  _  1 
r  G/NtG  VG 


This  is  the  same  as  Equation  2.89.  Therefore,  if  the  background  is  negligible,  the  relative 
standard  error  is  determined,  solely,  from  the  total  number  of  gross  counts  G. 
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2.19  METHODS  OF  ERROR  REDUCTION 


In  every  radiation  measurement,  it  is  extremely  important  to  perform  it  in  such  a  way  that 
the  result  is  determined  with  the  minimum  possible  error.  In  general,  the  first  task  of  the 
investigator  is  to  improve  the  counting  apparatus  by  reducing  the  background  as  much  as 
possible.  Actually,  the  important  quantity  is  the  ratio  big  or  blr  and  not  the  absolute  value 


of  the  background.  Assuming  that  all  possible  improvements  of  background  have  been 


achieved,  there  are  procedures  that,  if  followed,  will  result  in  a  smaller  error.  Two  such  pro¬ 


cedures  will  be  discussed  below.  In  addition,  a  method  will  be  presented  for  the  calculation 


of  the  counting  time  necessary  to  measure  a  counting  rate  with  a  desired  degree  of  accuracy. 

2.19.1  Background  Is  Constant  and  There  Is  No  Time  Limit  for 
Its  Measurement 

In  this  case,  the  background  is  measured  for  a  long  period  of  time  to  minimize  the  error 
introduced  by  it,  that  is,  tB  is  so  long  that 


o, 


r 


EXAMPLE  2.23 


Suppose  one  obtains  the  following  data: 


C  =  400  fc  =5  min 
B  =  1 00  tB  =  2.5  min 


Then 


400  100  ..  t  .  . 

- =  40  counts/ nun 

5  2.5 


r 


I 


or  =  , — + - T  =  5.65  counts/min 

V  52  2.52 


r  40 


If  the  background  is  constant,  this  result  can  be  improved  by  counting  background  for 
a  long  period  of  time,  for  example,  250  min.  In  that  case,  the  result  is 


B 


x  250  =  1 0,000  counts  tB  =  250  min 
2.5 


V 


J 
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2.19.2  There  Is  a  Fixed  Time  t  Available  for  Counting  Both 
Background  and  Gross  Counts 

In  this  case,  the  question  is:  What  is  the  optimum  time  to  be  used  for  gross  and  background 
counting?  Optimum  time  is  the  one  that  will  result  in  minimum  statistical  error  for  the  net 
counting  rate.  The  optimum  time  is  determined  as  follows. 

An  estimate  of  the  counting  rates  at  the  time  of  the  measurement  is  obtained  with 
a  short  count  (not  the  final  one).  Assume  that  one  obtained  the  approximate  counting 
rates 


g  = 


G 

tG 


b  = 


B 

tB 


Then,  from  Equation  2.96  and  also  using  G=gta,  B  =  btB, 


tG  tB 


The  best  times  tG  and  tB  are  those  that  minimize  or  or  (a,.)2  subject  to  the  constraint 

tB  +  tG  =  T=  constant  (2.99) 

Considering  cj?  as  a  function  of  tB  and  tG,  the  minimum  will  be  found  by  differentiating 
(cr)2  and  setting  the  differential  equal  to  zero: 

d{or)  =  — ^rdtG  —  ~^dtB  —  0 
tl  t\ 


Differentiating  the  constraint,  Equation  2.99,  one  finds 

dtG  —  dtB 

Substituting  this  value  of  dtG  into  d{a,)2  gives 

tB_  _  [b_ 

tc  ]jg 

Therefore,  if  there  is  a  fixed  time  T  for  the  measurement,  the  optimum  counting  times 
are  determined  from  the  two  equations: 


tG  +  tB  —  T 

tj_  =  lb  (2T00) 

to 
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2.19.3  Calculation  of  the  Counting  Time  Necessary  to  Measure 
a  Counting  Rate  with  a  Predetermined  Statistical  Error 

Assume  that  the  net  counting  rate  of  a  radioactive  sample  should  be  measured  with  an 
accuracy  of  a  percent,  that  is,  ajr=a  percent.  Also  assume  that  a  counting  system  is  pro¬ 
vided  with  a  background  counting  rate  b  and  standard  error  ab.  Both  b  and  ah  have  been 
reduced  as  much  as  possible  for  this  system  and  have  been  determined  earlier.  The  task  is  to 
determine  the  counting  time  tG  necessary  to  result  in  a  percent  standard  error  for  the  net 
counting  rate.  The  time  tG  is  calculated  as  follows: 

The  net  counting  rate  and  its  standard  error  are 


r  =  —  —  b  ar  =  K-  +  al  (2.101) 

As  V  tG 


Therefore, 


aJL  =  jj_=  y]G/tG  +  al  =  yJg/tG  +  a2b 
r  100  GltG  -  b  g  -  b 


Equation  2.101  solved  for  tG  gives 


tG  — 


_g _ 

(g  -  bfia/100)2  -  a2h 


(2.102) 


It  is  assumed  that  an  approximate  gross  counting  rate  is  known. 


r 


EXAMPLE  2.24 

How  long  should  a  sample  be  counted  to  obtain  the  net  counting  rate  with  an  accuracy 
of  1%?  It  is  given  that  the  background  for  the  counting  system  is  100  +  2  counts/min. 

Answer 

The  first  step  is  to  obtain  an  approximate  gross  counting  rate.  Assume  that  the  sample 
gave  800  counts  in  2  min.  Then  g=  800/2  =400  counts/min  and,  using  Equation  2.102, 


ta 


_ 400 _ 

(400  -  1  00)2(0.01)2  -  22 


=  80  min 


Indeed,  if  one  counts  for  80  min,  the  error  of  r  is  going  to  be 


ar  = 


tG 


al  = 


400  +  22=3 
80 


c, 

r 


3 

300 


0.01  =  1% 


J 
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2.19.4  Relative  Importance  of  Error  Components 

In  every  measurement,  the  observer  tries  to  reduce  the  experimental  error  as  much  as  pos¬ 
sible.  If  the  quantity  of  interest  depends  on  many  variables,  each  with  its  own  error,  the 
effort  to  reduce  the  overall  error  should  be  directed  toward  the  variable  with  the  largest 
contribution  to  the  final  error. 

Consider  the  quantity  Q  =  x  +  y  -  z  and  assume  x  =  3,  y  =  2,  and  z  =  1.  Also  assume 
that  the  corresponding  standard  errors  are 

ox  =  0.1  Gy  =  0.23  a,  =  0.05, 


or  relative  errors: 


—  =  0.033,  - 
3  y 


^=(X23-  =  0.115,  °z 


0.05 


=  0.05 


The  relative  error  of  Q  (Q  =  4)  is 


Q 


Ol  V  f  0.23  Y  f  0-05  N 2 
4  J  +1  4  J  +l  4 


=  V6.25  x  lO"4  +  3.3  x  10“4  +  1.56  x  1CT4  =  0.064 
oQ  =  yjol  +  o2y  +  oj  =  \lo.l2  +  0.232  +  0.052 
=  Tool  +  0.0529  +  0.0025  =  0.26 

From  the  relative  magnitude  of  the  errors,  one  can  see  that  if  it  is  necessary  to  reduce 
the  error  further,  the  effort  should  be  directed  toward  reduction  of  Gv  first,  ox  second,  and 
<7„  third. 


2.20  MINIMUM  DETECTABLE  ACTIVITY 

The  minimum  detectable  activity  (MDA)  is  the  smallest  net  count  that  can  be  reported 
with  a  certain  degree  of  confidence  that  represents  a  true  activity  from  a  sample  and  is  not 
a  statistical  variation  of  the  background.  The  term  MDA  is  not  universally  acceptable.  In  the 
general  case,  in  measurements  not  necessarily  involving  radioactivity,  other  terms  such  as 
lowest  detection  limit  have  been  used.  Here,  the  notation  and  applications  will  be  presented 
with  the  measurement  of  a  radioactive  sample  in  mind.  A  classical  treatment  of  this  work 
has  been  published  elsewhere  by  Currie.2  Other  related  articles  include  determination  of 
the  lowest  limit  of  detection  for  personnel  dosimetry  systems,3  a  method  for  computing 
the  decision  level  for  samples  containing  radioactivity  in  the  presence  of  background,4  and 
evaluating  a  lower  limit  of  detection.5 

Obviously,  MDA  is  related  to  low  count  rates.  In  such  cases  of  low  count  rates,  the 
person  who  performs  the  experiment  faces  two  possible  errors. 

Type  I  error.  To  state  that  the  true  activity  is  greater  than  zero  when,  in  fact,  it  is  zero. 
If  this  is  a  suspected  contaminated  item,  the  person  doing  the  measurement  will  report 
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0  CDL  MDA 


FIGURE  2.12  The 
meaning  of  the  critical 
detection  limit  (CDL)  and 
minimum  detectable 
activity  (MDA)  in  terms 
of  the  confidence  limits 
defined  by  a  and  (S. 


that  the  item  is  indeed  contaminated  when,  in  fact,  it  is  not.  This  error  is  called  false 
positive. 

Type  II  error:  To  state  that  the  true  activity  is  zero  when,  in  fact,  it  is  not.  Using  the 
previous  example,  the  person  doing  the  measurement  reports  that  the  item  is  clean  when, 
in  fact,  it  is  contaminated.  This  error  is  called  false  negative. 

The  outcomes  of  radiation  measurements  follow  Poisson  statistics,  which  become, 
essentially,  Gaussian  when  the  average  is  greater  than  about  20  (see  Section  2.10.2).  For  this 
reason,  the  rest  of  this  discussion  will  assume  that  the  results  of  individual  measurements 
follow  a  normal  distribution  and  the  confidence  limits  set  will  be  interpreted  with  that  dis¬ 
tribution  in  mind.  Following  the  notation  used  earlier, 

B  =  background  with  standard  deviation  cB 

G  =  gross  signal  with  standard  deviation  cG 

n  =  G  -B  =  net  signal  with  standard  deviation  a„  =  (a|  +  o|)1/2 

When  the  net  signal  is  zero  (and  has  a  standard  deviation  o„  =  ct0),  a  critical  detection 
limit  (CDL)  is  defined  in  terms  of  O0  with  the  following  meaning: 

1.  A  signal  lower  than  CDL  is  not  worth  reporting. 

2.  The  decision  that  there  is  nothing  to  report  has  a  confidence  limit  of  1  -  a, 
where  a  is  a  certain  fraction  of  the  normalized  Gaussian  distribution 
(Figure  2.12).  From  Figure  2.12, 

CDL  =  kaG0  (2.103) 

Take  as  an  example  a  =  0.05;  then  ka  =  1.645  (see  Table  2.2)  and  the  confidence 
limit  is  95%. 

With  ka  =  1.645,  if  n  <  CDL,  one  decides  that  the  sample  is  not  contaminated,  and 
this  decision  has  a  95%  confidence  limit. 

The  MDA  should  obviously  be  greater  than  the  CDL.  Keeping  in  mind  that  the  pos¬ 
sible  MDA  values  also  follow  a  normal  distribution,  a  fraction  (3  is  established,  meaning 
that  a  signal  equal  to  or  greater  than  MDA  is  reported  as  a  correct/true  signal  with  a 
confidence  limit  1  -  (3.  The  value  of  MDA  is  given  by  (Figure  2.12) 

MDA  =  CDL  +  kf,aD  (2.104) 

where  cD  is  the  standard  deviation  of  MDA. 

For  radioactivity  specifically,  remember  that 

o2  =  c|  +  cl  =  (c2  +  6b  +  cl)  (2.105) 

and  for  n  =  0,  0„  =  yfn  =  0  and  o  =  o0  =  sjc |  +  c\  =  -Jl  cB •  Then, 


CDL  —  \p2.c  B 


(2.103a) 
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In  most  cases  in  practice,  a  =  (3  =  0.05  and  ka  =  k^  =  k,  in  which  case  both  the  CDL 
and  MDA  are  defined  with  the  same  confidence  limit.  It  can  be  shown  (see  Problem 
2.26)  that 


MDA  =  k2  +  2421«5B 


(2.106) 


If  the  95%  confidence  limit  is  applied  (a  =  (3  =  0.05),  k—  1.645  (Table  2.2),  the  equation 
for  MDA  takes  the  form 


MDA  =  2.706  +  4.653os 


(2.106a) 


( - \ 

EXAMPLE  2.25 

Consider  the  data  of  a  single  measurement  to  be  C  =  465  counts/min,  B  =  400/min. 
Assume  that  from  previous  measurements  in  that  counting  system  it  has  been  deter¬ 
mined  that  oB  =  10/min.  The  assumption  is  made  that  the  background  is  constant.  What 
does  one  report  in  this  case? 

Answer 

The  net  count  rate  is  n  =  465  -  400  =  65  counts/min.  The  MDA  is,  from  Equation  2.106, 

MDA  =  2.706  +  4.653  x  10  =  49.2.  Since  MDA<65,  one  reports,  with  a  95%  confi¬ 
dence  limit,  that  this  sample  is  radioactive. 

V _ > 


In  most  cases,  the  second  term  of  Equation  2.106  is  much  larger  than  the  first,  and  the 
MDA  is  taken  as 


MDA  =  2>j2kaB  (2.107) 

For  a  95%  confidence  limit,  Equation  2.107  gives  MDA  =  4.653o5. 

2.21  DETECTOR  DEAD-TIME  CORRECTION 
AND  MEASUREMENT  OF  DEAD  TIME 

Dead  time,  or  resolving  time,  of  a  counting  system  is  defined  as  the  minimum  time  that  can 
elapse  between  the  arrival  of  two  successive  particles  at  the  detector  and  the  recording  of 
two  distinct  pulses.  The  components  of  dead  time  consist  of  the  time  it  takes  for  the  forma¬ 
tion  of  the  pulse  in  the  detector  itself  and  for  the  processing  of  the  detector  signal  through 
the  preamplifier-amplifier-discriminator-scaler  (or  preamplifier-amplifier-multichannel 
analyzer).  With  modern  electronics,  the  longest  component  of  dead  time  is  that  of  the  detec¬ 
tor,  and  for  this  reason,  the  term  “dead  time”  means  the  dead  time  of  the  detector.  The  dead¬ 
time  component  of  the  preamplifier-amplifier-discriminator-scaler  can  be  ignored  with 
most  detectors. 

Because  of  detector  dead  time,  the  possibility  exists  that  some  particles  will  not  be 
recorded  since  the  detector  will  not  produce  pulses  for  them.  Pulses  will  not  be  produced 
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because  the  detector  will  be  “occupied”  with  the  formation  of  the  signal  generated  by  par¬ 
ticles  arriving  earlier.  The  counting  loss  of  particles  is  particularly  important  in  the  case  of 
high  counting  rates.  Then  the  observed  counting  rate  should  be  corrected  for  the  loss  of 
counts  due  to  detector  dead  time.  The  rest  of  this  section  presents  the  method  for  correc¬ 
tion  as  well  as  a  method  for  the  measurement  of  the  dead  time. 

Suppose  x  is  the  dead  time  of  the  system  and  g  the  observed  counting  rate.  The  fraction 
of  time  during  which  the  system  is  insensitive  (busy  processing  a  pulse)  isgx.  If  n  is  the  true 
counting  rate,  the  number  of  counts  lost  is  n{gi).  Therefore,  the  true  number  of  counts  is 

n  =  g  +  ngT 


and,  solving  for  n, 


n  =  i  —  (2.108) 

l-  gx 

Equation  2.108  corrects  the  observed  gross  counting  rate  g  for  the  loss  of  counts  due 
to  the  dead  time  of  the  detector.  This  is  known  as  a  nonparalyzable  model  where  x  is  fixed 
after  each  true  event  is  recorded.  In  the  paralyzable  model,  while  x  remains  the  same,  for 
every  true  event  that  is  not  recorded,  the  dead  time  is  extended  by  x.  Since  the  actual  dead 
periods  are  not  the  same  for  each  model,  a  distribution  function  needs  to  be  used  for  the 
paralyzable  model  to  account  for  intervals  between  random  events.  Therefore,  one  gets 

g=ne~m  (2.108a) 

An  excellent  treatise  of  nonparalyzable  and  paralyzable  models  is  given  by  Knoll.6 


r 


EXAMPLE  2.26 

Suppose  x  =  200  ps  and  g  =  30,000  counts/min.  What  fraction  of  counts  is  lost  because 
of  dead  time?  What  is  the  true  counting  rate? 

Answer 

The  true  counting  rate  is 


g  _ _ 30,000/60 _ 

1  -  gx  ""  1  -  (30,000/601(200  x  1 0'6) 


or 


n  =  555.5  counts/s 

Therefore,  dead  time  is  responsible  for  loss  of 


555  -  500 
555 


- =  1 0%  of  the  counts 

555 


Note  that  the  product  gx  =  0.10,  that  is,  the  product  of  the  dead  time  and  the  gross 
counting  rate,  is  a  good  indicator  of  the  fraction  of  counts  lost  because  of  dead  time. 


J 
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The  dead  time  is  measured  with  the  “two-source”  method  as  follows.  Let  nv  n2,  n12  be 
the  true  gross  counting  rates  from  the  first  source  only,  from  the  second  source  only,  and 
from  both  sources  counted  together,  respectively,  and  let  nb  be  the  true  background  rate. 
Let  the  corresponding  observed  counting  rates  be  gv  g2,  gl2,  b. 

The  following  equation  holds: 


True  net  ^ 

True  net  N 

counting  rate 

+ 

counting  rate 

V  J  2 

i 

(«i  -  nb) 

+ 

(«2  -  nb) 

True  net  N 
counting  rate^ 
(«u  -  nb) 


1+2 


or 


n1  +  n2  =  n12  +  nb 


Using  Equation  2.108, 


gi  +  g2  _  gn  +  b 

1  -  giT  1  -  g2x  1  -  guT  1  -  bx 


(2.109) 


It  will  be  assumed  now  that,  bx  1  in  which  case, 


b 

1  -  bx 


=  b 


(If  bx  is  not  much  less  than  1,  the  instruments  should  be  thoroughly  checked  for  pos¬ 
sible  malfunction  before  proceeding  with  the  measurement.) 

The  dead  time  x  can  be  determined  from  Equation  2.109  after  gv  g2,  g12,  and  b  are  mea¬ 
sured.  This  is  achieved  by  counting  radioactive  source  1,  then  sources  1  and  2  together,  then 
only  source  2,  and  finally  the  background  after  removing  both  sources.  Equation  2.109  can 
be  rearranged  to  give 

{gigjgu  +  gigib  -  gigub  -  g2gnb)x2  -  2(g1g2  -  gnb)x 

+  gi  +  gi  ~  gn  -  b  =  0  (2.110) 


Equation  2.110  is  a  second-degree  algebraic  equation  that  can  be  solved  for  x.  It  was 
derived  without  any  approximations. 

If  the  background  is  negligible,  Equation  2.110  takes  the  form 

^1^2^12T2  -  2gig2X  +  gy  +  g2  -  gu  =  0  (2.111) 


Solving  for  x, 


x  = 


g  12 


1-.  1- 


gl2 

glgl 


(gi  +  g2  -  gn) 


(2.112) 
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When  dead-time  correction  is  necessary,  the  net  counting  rate,  called  “true  net  count¬ 
ing  rate,"  is  given  by 


(2.113) 


It  is  assumed  that  the  true  background  rate  has  been  determined  earlier  with  the  standard 
error  ab.  The  standard  error  of  r,  0,.,  is  calculated  from  Equation  2.113  using  Equation  2.84.  If 
the  only  sources  of  error  are  the  gross  count  G  and  the  background,  the  standard  error  of  r  is 


(2.114) 


If  there  is  an  error  due  to  dead-time  determination,  a  third  term  consisting  of  that  error 
will  appear  under  the  radical  of  Equation  2.114. 


2.22  LOSS-FREE  COUNTING  AND  ZERO  DEAD  TIME 


Radiation  measurements  can  be  classified  into  two  major  areas:  those  with  low-to-medium 
dead  times  and  those  with  high  dead  times.  In  environmental  and  most  health  physics 
applications,  radiation  levels  are  low  enough  so  that  dead-time  correction  is  not  neces¬ 
sary.  With  environmental  samples,  in  particular,  the  problem  is  to  determine  whether  or 
not  the  MDA  is  exceeded  rather  than  worry  about  deadtime.  However,  in  high  counting 
rates,  particularly  in  gamma-ray  spectroscopy,  counting  systems  usually  cannot  correctly 
account  for  dead  times  above  50%.  In  recent  years,  loss-free  counting  or  zero  dead-time 
correction  modules  have  been  integrated  into  gamma-ray  spectroscopy  systems  with  very 
good  results.  A  complete  comprehensive  review  article  of  such  systems  has  been  completed 
by  Westpahl.7 
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PROBLEMS 


2.1  What  is  the  probability  when  throwing  a  die  three  times  of  getting  a  four  in  any  of 
the  throws? 

2.2  What  is  the  probability  when  drawing  one  card  from  each  of  three  decks  of  cards 
that  all  three  cards  will  be  diamonds? 

2.3  A  box  contains  2000  computer  cards.  If  five  faulty  cards  are  expected  to  be  found 
in  the  box,  what  is  the  probability  of  finding  two  faulty  cards  in  a  sample  of  250? 

2.4  Calculate  the  average  and  the  standard  deviation  of  the  pdf  f(x)  =  l Kb  -  a)  when 
a<x<  b.  (This  pdf  is  used  for  the  calculation  to  round  off  errors.) 

2.5  The  energy  distribution  of  thermal  (slow)  neutrons  in  a  light-water  reactor  follows 
very  closely  the  Maxwell-Boltzmann  distribution: 


N(E)dE  =  A\[Ee~ElkT  dE 


where 

N(E)dE  =  number  of  neutrons  with  kinetic  energy  between  E  and  E  +  dE 
k=  Boltzmann  constant  =  1.380662  x  10~23  J/°I< 

T  =  temperature,  I< 

A  =  constant 

Show  that 

a.  The  mode  of  this  distribution  is  E  =  (l/2)kT. 

b.  The  mean  is  E  =  (3/2)kT. 

2.6  If  the  average  for  a  large  number  of  counting  measurements  is  15,  what  is  the  prob¬ 
ability  that  a  single  measurement  will  produce  the  result  20? 

2.7  For  the  binomial  distribution,  prove 


N 


2.8  For  the  Poisson  distribution,  prove 


2.9  For  the  normal  distribution,  show 

a.  J  P(x)dx  =  1  b .  x  =  m  c.  the  variance  is  cr 

2.10  Show  that  in  a  series  of  N  measurements,  the  result  R  that  minimizes  the  quantity 


N 


Q  =  ^(R-nt)2 


is  R  =  n,  where  n  is  given  by  Equation  2.31. 
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2.11  Prove  Equation  2.62  using  tables  of  the  error  function. 

2.12  As  part  of  a  quality  control  experiment,  the  lengths  of  10  nuclear  fuel  rods  have 
been  measured  with  the  following  results  in  meters: 


2.60 

2.62 

2.65 

2.58 

2.61 

2.62 

2.59 

2.59 

2.60 

2.63 

What  is  the  average  length?  What  is  the  standard  deviation  of  this  series  of 
measurements? 

2.13  The  average  number  of  calls  in  a  911  switchboard  is  4  calls  per  hour.  What  is  the 
probability  to  receive  6  calls  in  the  next  hour? 

2.14  At  a  uranium  pellet  fabrication  plant,  the  average  pellet  density  is  17  x  103  kg/m3 
with  a  standard  deviation  equal  to  103  kg/m3.  What  is  the  probability  that  a  given 
pellet  has  a  density  less  than  14  x  103  kg/m3? 

2.15  A  radioactive  sample  was  counted  once  and  gave  500  counts  in  1  min.  The  cor¬ 
responding  number  for  the  background  is  480  counts.  Is  the  sample  radioactive  or 
not?  What  should  one  report  based  on  this  measurement  alone? 

2.16  A  radioactive  sample  gave  750  counts  in  5  min.  When  the  sample  was  removed, 
the  scaler  recorded  1000  counts  in  10  min.  What  is  the  net  counting  rate  and  its 
standard  percent  error? 

2.17  Calculate  the  average  net  counting  rate  and  its  standard  error  from  the  data  given 
below: 


G 

fG(min) 

B 

tB  (min) 

355 

5 

120 

10 

385 

5 

130 

10 

365 

5 

132 

10 

2.18  A  counting  experiment  has  to  be  performed  in  5  min.  The  approximate  gross  and 
background  counting  rates  are  200  counts/min  and  50  counts/min,  respectively. 

a.  Determine  the  optimum  gross  and  background  counting  times. 

b.  Based  on  the  times  obtained  in  (a),  what  is  the  standard  percent  error  of  the  net 
counting  rate? 

2.19  The  strength  of  a  radioactive  source  was  measured  with  a  2%  standard  error  by 
taking  a  gross  count  for  time  t  min  and  a  background  for  time  2 1  min.  Calculate 
the  time  t  if  it  is  given  that  the  background  is  300  counts/min  and  the  gross  count 
is  45,000  counts/min. 

2.20  The  strength  of  radioactive  source  is  to  be  measured  with  a  detector  that  has 
a  background  of  120  ±  8  counts/min.  The  approximate  gross  counting  rate  is 
360  counts/min.  How  long  should  one  count  if  the  net  counting  rate  is  to  be  mea¬ 
sured  with  an  error  of  2%? 

2.21  The  buckling  B2  of  a  cylindrical  reactor  is  given  by 
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where 

R  =  reactor  radius 
H  =  reactor  height 

If  the  radius  changes  by  2%  and  the  height  by  8%,  by  what  percent  will  B 2  change? 
Take  U=lm,d=2m. 

2.22  Using  Chauvenet’s  criterion,  should  any  of  the  scaler  readings  listed  below  be 
rejected? 


115 

121 

103 

151 

121 

105 

75 

103 

105 

107 

100 

108 

113 

110 

101 

97 

110 

109 

103 

101 

2.23  As  a  quality  control  test  in  a  nuclear  fuel  fabrication  plant,  the  diameter  of  10  fuel 
pellets  has  been  measured  with  the  following  results  (in  mm):  9.50,  9.80,  9.75,  9.82, 
9.93,  9.79,  9.81,  9.65,  9.99,  9.57.  Calculate  (a)  the  average  diameter,  (b)  the  stan¬ 
dard  deviation  of  this  set  of  measurements,  and  (c)  the  standard  error  of  the  aver¬ 
age  diameter,  (d)  Should  any  of  the  results  be  rejected  based  on  the  Chauvenet 
criterion? 

2.24  Using  the  data  of  Problem  2.12,  what  is  the  value  of  accepted  length  xa  if  the  confi¬ 
dence  limit  is  99.4%? 

2.25  An  environmental  sample  has  been  collected  for  the  determination  of  210Po  con¬ 
tent.  The  sample  is  chemically  separated  and  counted  in  an  instrument  with  the 
following  results  60  days  after  sampling: 


Chemical  yield 

80% 

Counting  efficiency 

20% 

Sample  counts  (gross) 

20  counts 

Sample  count  time 

30  min 

Background  counts 

10  counts 

Background  count  time 

30  min 

Half-life  of  Po-210 

1 38  days 

a.  What  was  the  sample  210Po  net  counting  rate  at  the  time  of  the  sampling? 

b.  What  is  the  standard  error  of  value  determined  in  part  (a)? 

c.  The  lower  limit  of  detection  (LLD)  at  the  95%  confidence  level  has  been  defined 
as  LLD  =  1.645(2V2js*  where  Sb  is  the  standard  deviation.  Calculate  the  LLD 
for  this  determination. 

d.  Does  the  activity  level  of  this  sample  exceed  the  LLD  for  this  determination? 

2.26  Prove  that  for  radioactivity  measurements  the  value  of  MDA  is  given  by  the 
equation  MDA  =  k2  +  2CDL,  if  ka  =  kp  =  k.  Hint:  when  n  =  MDA,  the  variance 
Od  =  MDA  +  Co. 

2.27  A  sample  was  counted  for  5  min  and  gave  2250  counts;  the  background,  also 
recorded  for  5  min,  gave  2050  counts.  Is  this  sample  radioactive?  Assume  confi¬ 
dence  limits  of  both  95%  and  90%. 
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2.28  A  sample  thought  to  be  radioactive  was  counted  and  gave  555  counts/min  with  a 
background  of  450  counts/min.  From  a  separate  measurement,  it  has  been  deter¬ 
mined  that  the  standard  error  of  the  background  is  20  counts/min  (it  is  assumed 
that  the  background  is  constant).  Is  this  sample  radioactive  with  a  97.5%  confi¬ 
dence  limit? 

2.29  Determine  the  dead  time  of  a  detector  based  on  the  following  data  obtained  with 
the  two-source  method: 


g2  =  14,000  counts/min 

gu  =  26,000  counts/min 

g2  =  1 5,000  counts/min 

fa  =  50  counts/min 

2.30  If  the  dead  time  of  a  detector  is  100  ps,  what  is  the  observed  counting  rate  if  the 
loss  of  counts  due  to  dead  time  is  equal  to  5%? 

2.31  Calculate  the  true  net  activity  and  its  standard  percent  error  for  a  sample  that  gave 
70,000  counts  in  2  min.  The  dead  time  of  the  detector  is  200  ps.  The  background  is 
known  to  be  100  +  1  counts/min. 

2.32  Calculate  the  true  net  activity  and  its  standard  error  based  on  the  following  data: 


6=  100,000  counts 

obtained  in  10  min 

B  =  10,000  counts 

obtained  in  100  min 

The  dead  time  of  the  detector  is  150  ps. 
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3.1  INTRODUCTION 

This  chapter  reviews  the  concepts  of  atomic  and  nuclear  physics  relevant  to  radiation  mea¬ 
surements.  It  should  not  be  considered  a  comprehensive  discussion  of  any  of  the  subjects 
presented.  For  in-depth  study,  the  reader  should  consult  the  references  listed  at  the  end  of 
this  chapter.  If  a  person  has  studied  and  understood  this  material,  this  chapter  could  be 
skipped  without  loss  of  continuity. 

This  review  is  not  presented  from  the  historical  point  of  view.  Atomic  and  nuclear 
behavior  and  the  theory  and  experiments  backing  it  are  discussed  as  we  understand  them 
today.  Emphasis  is  given  to  the  fact  that  the  current  "picture”  of  atoms,  nuclei,  and  sub¬ 
atomic  particles  is  only  a  model  that  represents  our  best  current  theoretical  and  experi¬ 
mental  evidence.  This  model  may  change  in  the  future  if  new  evidence  is  obtained  pointing 
to  discrepancies  between  theory  and  experiment. 

3.2  ELEMENTS  OF  RELATIVISTIC  KINEMATICS 

The  special  theory  of  relativity  developed  by  Einstein  in  1905  is  based  on  two  simple 
postulates: 

First  Postulate-.  The  laws  of  nature  and  the  results  of  all  experiments  performed  in 
a  given  frame  of  reference  (system  of  coordinates)  are  independent  of  the  translational 
motion  of  the  system  as  a  whole. 

Second  Postulate-.  The  speed  of  light  in  vacuum  is  independent  of  the  motion  of  its 
source. 


71 
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These  two  postulates,  simple  as  they  are,  predict  consequences  that  were  unthinkable 
at  that  time.  The  most  famous  predictions  of  the  special  theory  of  relativity  are 

1.  The  mass  of  a  body  changes  when  its  speed  changes. 

2.  Mass  and  energy  are  equivalent  ( E  =  me2). 

Einstein’s  predictions  were  verified  by  experiment  a  few  years  later,  and  they  are  still 
believed  to  be  correct  today. 

The  main  results  of  the  special  theory  of  relativity  will  be  presented  here  without  proof, 
using  the  following  notations: 

M  =  rest  mass  of  a  particle  (or  body) 

M *  =  mass  of  a  particle  in  motion 
n  =  speed  of  the  particle 
c  =  speed  of  light  in  vacuum  =  3  x  10s  m/s 
T  =  kinetic  energy  of  the  particle 
E  =  total  energy  of  the  particle 

According  to  the  theory  of  relativity,  the  mass  of  a  moving  particle  (or  body)  changes 
with  its  speed  according  to  the  equation 


M 


M 


M*  - 


(3.1) 


or 


(3.2) 


M*  =  yM 


where 


P 


(3.3) 


c 


and 


1 


Y  “ 


(3.4) 


Equation  3.1  shows  that 

1.  As  the  speed  of  a  moving  particle  increases,  its  mass  also  increases,  thus  making 
additional  increase  of  its  speed  more  and  more  difficult. 

2.  It  is  impossible  for  any  mass  to  reach  a  speed  equal  to  or  greater  than  the  speed  of 
light  in  vacuum.* 


The  speed  of  light  in  a  medium  with  index  of  refraction  n  is  dn\  thus,  it  is  possible  for  particles  to  move  faster 
than  with  c/n  in  certain  media  (see  Cerenkov  Radiation,  Evans,  1955). 


www.Ebook777.com 


Review  of  Atomic  and  Nuclear  Physics  73 


The  total  energy  of  a  particle  of  mass  M'  is 


E  =  M*c2 


(3.5) 


Equation  3.5  expresses  the  very  important  concept  of  equivalence  of  mass  and  energy. 
Since  the  total  energy  E  consists  of  the  rest  mass  energy  plus  the  kinetic  energy,  Equation 
3.5  may  be  rewritten  as 


E  =  M*c 2  =  T  +  Me2 


(3.6) 


Combining  Equations  3.2  and  3.6,  one  obtains  the  relativistic  equation  for  the  kinetic 
energy 


T  =  { y  -  1  )Mc2 


(3.7) 


The  quantity  y,  which  is  defined  by  Equation  3.4  (y  =  M*c2/Mc2),  indicates  how  many 


times  the  mass  of  the  particle  has  increased,  relative  to  its  rest  mass,  because  of  its  motion. 


For  large  moving  masses,  the  relativistic  mass  increase  is  too  small  to  measure.  Thus, 
without  the  availability  of  subatomic  particles  such  as  electrons  and  protons,  it  would  be 
extremely  difficult  to  verify  this  part  of  Einstein’s  theory. 

The  equation  that  relates  the  linear  momentum  and  the  total  energy  of  a  particle  is 


E2  =  (Me2)2  +  (pc)2 


(3.8) 


where 


(3.9) 


p  =  M*v  =  y Mv 


is  the  linear  momentum.  Combining  Equations  3.6  and  3.8,  one  obtains 


(3.10) 


or 


p  =  -v/t2  +  TEMc2 


(3.11) 


c 


Equation  3.10  is  used  for  the  determination  of  the  kinetic  energy  if  the  momentum  is 
known,  whereas  Equation  3.11  gives  the  momentum  if  the  kinetic  energy  is  known. 

For  small  values  of  (3  (Equation  3.3)— that  is,  for  small  speeds— the  equations  of  relativ¬ 
ity  reduce  to  the  equations  of  Newtonian  (classical)  mechanics.  In  classical  mechanics,  the 
mass  is  constant,  and  T  and  p  are  given  by 


T  =  -Mv2 
2 


(3.12) 
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p  =  Mv  (3.13) 

If  the  kinetic  energy  of  a  particle  is  a  considerable  fraction  of  its  rest  mass  energy, 
Equations  3.7  and  3.9  should  be  used  for  the  determination  of  T  and  p.  Then  the  particle  is 
relativistic.  If,  on  the  other  hand,  (3  <SC  1,  the  particle  is  nonrelativistic,  and  Equations  3.12 
and  3.13  may  be  used. 


r 


EXAMPLE  3.1 

What  is  the  mass  increase  of  a  bullet  weighing  0.010  kg  and  traveling  at  twice  the  speed 
of  sound? 


Answer 

The  speed  of  the  bullet  is  v  ~  700  m/s.  Using  Equations  3.2  and  3.4, 


M*  _  _  1 

M  =Y~ 


.  .  o2  .  ,  ,  700 

2  2 1  3  x  1  08 


1  +  2.72  X  10“12 


The  mass  increase  is 

M‘  -  M  =  2.72  x  10 ~'2M  =  2.72  x  10“14  kg 


which  is  almost  impossible  to  detect. 


J 


r 


EXAMPLE  3.2 

An  electron  has  a  kinetic  energy  of  200  keV.  (a)  What  is  its  speed?  (b)  What  is  its  new 
mass  relative  to  its  rest  mass? 

Answer 

The  rest  mass  energy  of  the  electron  is  511  keV.  Since  T/mc 2  =  200/511  =  0.391,  relativ¬ 
istic  equations  should  be  used,  (a)  The  speed  of  the  electron  is  obtained  with  the  help 
of  Equations  3.7  and  3.4.  Equation  3.7  gives 

y  =  1  -I — —y  =  1  +  0.391 
me 

and  from  Equation  3.4  one  obtains  (solving  for  (3) 


p  = 


0.695 
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Therefore 


t)  =  (3c  =  (0.695X3  x  108  m/s)  =  2.085  x  108  m/s 
(b)  The  new  mass  relative  to  the  rest  mass  has  already  been  determined  because 


Y  = 


1.391 


that  is,  the  mass  of  this  electron  increased  39.1%. 

It  is  instructive  to  calculate  the  speed  of  this  electron  using  the  classical  method  of 
Equation  3.12  to  see  the  difference: 


v  = 


2(200) ' 

511 


c  =  0.885c 


Thus,  the  classical  equation  determines  the  speed  with  an  error 


t>cl  -  Urel 


ttrel 


0.885c  -  0.695c 
0.695c 


27% 


J 


EXAMPLE  3.3 

What  is  the  kinetic  energy  of  a  neutron  with  speed  6  x  107  m/s?  What  is  its  mass  increase? 

Answer 

For  this  particle, 


v  _  6  x  1 07 
c  ~~  3  x  1 08 


0.2 


Using  Equations  3.4  and  3.7, 


T  =  (y  -  1)/V/c2  = 


\ 


- 1 


Me 2  = 


Vi  -  0.22 


-  1 


Me 


=  (1 .021  -  1)  Me2  =  0.021  Me2  =  (0.021)  x  939.55  MeV  =  1  9.73  MeV 
=  3.16  x  10“12J 

The  mass  increase  is  M*/M  =  y=  1.021,  that  is,  a  2.1%  mass  increase. 


J 
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3.3  ATOMS 

To  the  best  of  our  knowledge  today,  every  atom  consists  of  a  central  positively  charged 
nucleus  around  which  negative  electrons  revolve  in  stable  orbits.  Considered  as  a  sphere, 
the  atom  has  a  radius  of  the  order  of  10~10  m  and  the  nucleus  has  a  radius  of  the  order  of 
ICh14  m.  The  number  of  electrons  is  equal  to  the  number  of  positive  charges  of  the  nucleus; 
thus  the  atom  is  electrically  neutral  (in  its  normal  state). 

The  number  of  positive  elementary  charges  in  the  nucleus  is  called  the  atomic  number 
and  is  indicated  by  Z.  The  atomic  number  identifies  the  chemical  element.  All  atoms  of  an 
element  have  the  same  chemical  properties. 

The  atomic  electrons  move  around  the  nucleus  as  a  result  of  the  attractive  electro¬ 
static  Coulomb  force  between  the  positive  nucleus  and  the  negative  charge  of  the  electron. 
According  to  classical  electrodynamics,  the  revolving  electrons  ought  to  continuously  radi¬ 
ate  part  of  their  energy,  follow  a  spiral  orbit,  and  eventually  be  captured  by  the  nucleus. 
Obviously,  this  does  not  happen:  atoms  exist  and  are  stable. 

The  available  experimental  evidence  points  toward  the  following  facts  regarding  the 
motion  of  bound  atomic  electrons: 


Mw 
Mm 
M , 


kl 

k 


Mw 


1.  Bound  atomic  electrons  revolve  around  the  nucleus  in  stable 
orbits  without  radiating  energy.  Every  orbit  corresponds  to  a 
certain  electron  energy  and  is  called  an  energy  state. 

2.  Only  certain  orbits  (only  certain  energies)  are  allowed.  That 
is,  the  energy  states  of  the  bound  electrons  form  a  discrete 
spectrum,  as  shown  in  Figure  3.1.  This  phenomenon  is  called 
quantization. 

3.  If  an  electron  moves  from  an  orbit  (state)  of  energy  £,  to  another 
of  energy  Ej,  then  (and  only  then)  electromagnetic  radiation,  an 
x-ray,  is  emitted  with  frequency  V  equal  to 


v  = 


(3.14) 


where  h  is  the  Planck’s  constant. 

The  energy  of  the  x-ray  depends  on  the  atomic  number, 
according  to  the  (approximate)  equation: 


Ex  =  hv  =  Ei  —  Ef  —  k{Z  -  a)1  (3.15) 


IQ 


K . 


K, 


0^2 


IQ. 


IQ. 


FIGURE  3.1  An  atomic  energy  level  diagram  show¬ 
ing  x-ray  nomenclature  (not  drawn  to  scale).  £,  =  low¬ 
est  energy  state  =  ground  state. 


where  k  and  a  are  constants.  X-ray  energies  range  from  a  few  eV 
for  the  light  elements  to  keV  for  the  heaviest  elements. 

Every  atom  emits  characteristic  x-rays  with  discrete  energies 
that  identify  the  atom  like  fingerprints.  For  every  atom,  the  x-rays 
are  named  according  to  the  final  state  of  the  electron  transition 
that  produced  them.  Historically,  the  energy  states  of  atomic  elec¬ 
trons  are  characterized  by  the  letters  I<,  L,  M,  N,  and  so  on.  The 


www.Ebook777.com 


Review  of  Atomic  and  Nuclear  Physics  77 


TABLE  3.1 

Ionization  Potential  of  the  Least  Bound  Electron  of  Certain  Elements 


Element 

Ionization  Potential  (eV) 

Element 

Ionization  Potential  (eV) 

H 

13.6 

Ne 

21.56 

He 

24.56 

Na 

5.14 

U 

5.4 

A 

15.76 

Be 

9.32 

Fe 

7.63 

B 

8.28 

Pb 

7.42 

C 

11.27 

U 

4.0 

Excitation  moves 
to  excited  state 
I 


Excitation 


FIGURE  3.2  Excitation  and  deexcitation  of  the  atom. 


I<  state  or  I<  orbit  or  I<  shell  is  the  lowest  energy 
state,  also  called  the  ground  state.  The  x-rays  that 
are  emitted  as  a  result  of  electronic  transitions  to 
the  I<  state,  from  any  other  initial  state,  are  called 
I<  x-rays  (Figure  3.1).  Transitions  to  the  L  state 
give  rise  to  L  x-rays  and  so  on.  Ka  and  I<p  x-rays 
indicate  transitions  from  L  to  I<  and  M  to  I<  states, 
respectively. 

A  bound  atomic  electron  may  receive  energy 
and  move  from  a  state  of  energy  E1  to  another 
of  higher  energy  E2.  This  phenomenon  is  called 
excitation  of  the  atom  (Figure  3.2).  An  excited 
atom  moves  preferentially  to  the  lowest  possible 

energy  state.  In  times  of  the  order  of  10-8  s,  the  electron  that  jumped  to  E2  or  another 
from  another  state  will  fall  to  El  and  an  x-ray  will  be  emitted  with  frequency  given  by 
Equation  3.14. 

An  atomic  electron  may  receive  enough  energy  to  leave  the  atom  and  become  a  free 
particle.  This  phenomenon  is  called  ionization,  and  the  positive  entity  left  behind  is  called 
an  ion.  The  energy  necessary  to  cause  ionization  is  the  ionization  potential.  The  ionization 
potential  is  not  the  same  for  all  the  electrons  of  the  same  atom  because  the  electrons  move 
at  different  distances  from  the  nucleus.  The  closer  the  electron  is  to  the  nucleus,  the  more 
tightly  bound  it  is  and  the  greater  its  ionization  potential  becomes.  Table  3.1  lists  ionization 
potentials  of  the  least  bound  electron  for  certain  elements. 

When  two  or  more  atoms  join  together  and  form  a  molecule,  their  common  electrons 
are  bound  to  the  molecule.  The  energy  spectrum  of  the  molecule  is  also  discrete,  but  more 
complicated  than  that  shown  in  Figure  3.1. 


3.4  NUCLEI 

At  the  present  time,  all  experimental  evidence  indicates 
that  nuclei  consist  of  neutrons  and  protons,  which  are 
particles  known  as  nucleons.  Nuclei  then  consist  of  nucle¬ 
ons.  Some  of  the  properties  of  a  neutron,  a  proton,  and  an 
electron  are  listed  in  Table  3.2  for  comparison.  A  free  pro¬ 
ton-outside  the  nucleus— will  eventually  pick  up  an  elec¬ 
tron  and  become  a  hydrogen  atom,  or  it  may  be  absorbed 


TABLE  3.2 

Electron-Neutron-Proton  Properties 

Rest  Mass 

Electron 

Neutron 

Proton 

In  kg 

9.109558  x  1 0’31 

1 .674928  X  1 0~27 

1.672622  x  10~27 

In  MeV 

0.511 

939.552 

938.258 

In  u 

1 .008665 

1 .007276 

Charge 

~e 

0 

+e 

www.Ebook777.com 


78  Measurement  and  Detection  of  Radiation 


by  a  nucleus.  A  free  neutron  either  will  be  absorbed  by  a  nucleus  or  will  decay  according  to 
the  equation 


n  — >  p+  +  e  +  v 


that  is,  it  will  be  transformed  into  a  proton  by  emitting  an  electron  and  another  particle 
called  an  antineutrino. 

A  nucleus  consists  of  A  particles/nucleons, 


A  =N+Z 


where 

A  =  mass  number 
N  =  number  of  neutrons 

Z  =  number  of  protons  =  atomic  number  of  the  element 

The  notation  used  for  a  nucleus  (also  known  as  nuclide)  with  A  nucleons  is 


where  X  =  chemical  symbol  of  the  element.  For  example, 


Isobars  are  nuclides  that  have  the  same  A. 

Isotopes  are  nuclides  that  have  the  same  Z.  They  are  nuclei  of  the  same  chemical  ele¬ 
ment.  They  have  the  same  chemical  but  slightly  different  physical  properties,  due  to  their 
difference  in  mass.  The  nuclear  properties  change  drastically  from  isotope  to  isotope. 

Isotones  are  nuclides  that  have  the  same  N,  that  is,  the  same  number  of  neutrons. 

Isomers  are  two  different  energy  states  of  the  same  nucleus. 

The  different  atomic  species  are  the  result  of  different  combinations  of  one  type  of 
particle — the  electron.  There  are  92  chemical  elements  found  on  earth.  Since  1940, 26  more 
have  been  artificially  produced  using  nuclear  reactions  for  a  total  of  118  elements,  that  is,  up 
to  atomic  number  118.  The  different  nuclides,  on  the  other  hand,  are  the  result  of  different 
combinations  of  two  kinds  of  particles,  neutrons  and  protons,  and  so  there  are  many  more 
possibilities.  There  are  more  than  700  known  nuclides. 

Experiments  have  determined  that  nuclei  are  almost  spherical,  with  a  volume  propor¬ 
tional  to  the  mass  number  A  and  a  radius  approximately  equal  to* 


R  =  1.3  x  10  15A1/3  in  meters 


(3.16) 


The  mass  of  the  nucleus  with  mass  number  A  and  atomic  number  Z,  indicated  as 
Mn{A,  Z),  is  equal  to 


Mn(A,  Z)  =  ZMp  +  NM„  -  B(A,  Z)/c2 


(3.17) 


For  nonspherical  nuclei,  the  radius  given  by  Equation  3.16  is  an  average. 
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where 

M  =  mass  of  the  proton 

Mn  =  mass  of  the  neutron 

B{A,  Z)  =  binding  energy  of  the  nucleus 

The  binding  energy  is  equal  to  the  energy  that  was  released  when  the  N  neutrons 
and  Z  protons  formed  the  nucleus.  More  details  about  the  binding  energy  are  given  in  the 
next  section. 

The  unit  used  for  the  measurement  of  nuclear  mass  is  equal  to  1/12  of  the  mass  of  the 
isotope  pC.  Its  symbol  is  u  (formerly  amu  for  atomic  mass  unit): 

1  u  =  ^(mass  of  g2c)  =  1.660540  x  lO'27  kg  =  931.481  MeV 

In  most  experiments,  what  is  normally  measured  is  the  atomic,  not  the  nuclear,  mass. 
To  obtain  the  atomic  mass,  one  adds  the  mass  of  all  the  atomic  electrons  (see  next  sec¬ 
tion).  A  table  of  atomic  masses  of  many  isotopes  is  given  in  Appendix  B.  The  mass  may 
be  given  in  any  of  the  following  three  ways,  in  accordance  with  the  equivalence  of  mass 
and  energy: 

1.  Units  of  u 

2.  Kilograms 

3.  Energy  units  (MeV  or  J) 

3.5  NUCLEAR  BINDING  ENERGY 

The  mass  of  a  nucleus  is  given  by  Equation  3.17  in  terms  of  the  masses  of  its  constituents. 
That  same  equation  also  defines  the  binding  energy  of  the  nucleus: 

B(A,  Z)  =  [ZMp  +  NMn  -  Mn(A,  Z)]c2  (3.18) 

The  factor  c2,  which  multiplies  the  mass  to  transform  it  into  energy,  will  be  omitted 
from  now  on.  It  will  always  be  implied  that  multiplication  or  division  by  c2  is  necessary  to 
obtain  energy  from  mass  or  vice  versa.  Thus,  Equation  3.18  is  rewritten  as 

B(A,  Z)  =  ZMp  +  NMn  -  Mn(A,  Z)  (3.19) 

The  meaning  of  B(A,  Z)  may  be  expressed  in  two  equivalent  ways: 

1.  The  binding  energy  B(A,  Z)  of  a  nucleus  is  equal  to  the  mass  transformed  into 
energy  when  the  Z  protons  and  the  N  =  A-Z  neutrons  got  together  and  formed  the 
nucleus.  An  amount  of  energy  equal  to  the  binding  energy  was  released  when  the 
nucleus  was  formed. 

2.  The  binding  energy  B(A,  Z)  is  equal  to  the  energy  necessary  to  break  the  nucleus 
apart  into  its  constituents,  Z  free  protons  and  N  free  neutrons. 

As  mentioned  in  Section  3.4,  atomic  masses  rather  than  nuclear  masses  are  measured 
in  most  cases.  For  this  reason,  Equation  3.19  will  be  expressed  in  terms  of  atomic  masses 


www.Ebook777.com 


80  Measurement  and  Detection  of  Radiation 


by  adding  the  appropriate  masses  of  atomic  electrons.  If  one  adds  and  subtracts  Zm  in 
Equation  3.19, 


B(A,  Z )  =  ZMp  +Zm+  NMn  -  MN(A,  Z)  -  Zm 

=  Z(Mp  +  m )  +  NM„  -  [Mn(A,  Z)  +  Zm]  (3.20) 


Let 

Mh  =  mass  of  the  hydrogen  atom 

Be  =  binding  energy  of  the  electron  in  the  hydrogen  atom 

Be(A,  Z)  =  binding  energy  of  all  the  electrons  of  the  atom  whose  nucleus  has  mass 
MN(A,Z) 

M(A,  Z)  =  mass  of  the  atom  with  nuclear  mass  equal  to  MN(A,  Z) 


Then 


MH  =  Mp  +  m-Be  (3.21) 

M(A,  Z)  =  Mn(A,  Z)  +  Zm  -  Be{A,  Z)  (3.22) 

Combining  Equations  3.20  through  3.22,  one  obtains 

B{A,  Z)  =  ZM„  +  NMn  -  M{A,  Z)  -  Be{A,  Z)  +  ZBe  (3.23) 

Unless  extremely  accurate  calculations  are  involved,  the  last  two  terms  of  Equation 
3.23  are  ignored.  The  error  introduced  by  doing  so  is  insignificant  because  ZBe  and  Be(A,  Z) 
are  less  than  a  few  keV  and  they  tend  to  cancel  each  other,  whereas  B(A,  Z)  is  of  the  order  of 
MeV.  Equation  3.23  is,  therefore,  usually  written  as 

B{A,  Z)  =  ZMh  +  NMn  -  M{A,  Z)  (3.24) 


( - \ 

EXAMPLE  3.4 

What  is  the  total  binding  energy  of  2He? 

Answer 

Using  Equation  3.24  and  data  from  Appendix  B 

6(4,2)  =  2 Mh  +  2 Mn  -  M{4,2) 

=  [2(1 .00782522)  +  2(1 .00866544)  -  4.00260361]  u 
=  0.03037771  u  =  (0.0303771  u)931 .478  MeV/u 
=  28.296  MeV  =  4.53  x  1  0“12  J 

V _ > 


www.Ebook777.com 


Review  of  Atomic  and  Nuclear  Physics  81 


( - \ 

EXAMPLE  3.5 

What  is  the  binding  energy  of  the  nucleus  928U? 

Answer 

B( 238,92)  =  [92(1.00782522)  +  146(1.00866544)  -  238.05076]  u 
=  1.93431 448  u  =  (1.93431448  u)931 .478  MeV/u 
=  1  801 .771  MeV  =  2.886  x  1 0“10  J 

V _ J 


The  energy  necessary  to  remove  one  particle  from  the  nucleus  is  called  the  separation 
or  binding  energy  of  that  particle  for  that  particular  nuclide.  A  “particle”  may  be  a  neutron, 
a  proton,  an  alpha  particle,  a  deuteron,  and  so  on.  The  separation  or  binding  energy  of  a 
nuclear  particle  is  analogous  to  the  ionization  potential  of  an  electron.  If  a  particle  enters 
the  nucleus,  an  amount  of  energy  equal  to  its  separation  energy  is  released. 

The  separation  or  binding  energy  of  a  neutron  {Bn)  is  defined  by  the  equation 

Bn  =  M[(A  -  1),  Z]  +  Mn-  M(A,  Z)  (3.25) 

Using  Equation  3.24,  Equation  3.25  is  written  as 

B„  =  B(A,  Z)  -  B[(A  -  1),  Z]  (3.26) 

which  shows  that  the  binding  energy  of  the  last  neutron  is  equal  to  the  difference  between 
the  binding  energies  of  the  two  nuclei  involved.  Typical  values  of  Bn  are  a  few  MeV  (less  than 
10  MeV  in  most  cases). 

The  separation  or  binding  energy  of  a  proton  is 

Bp  =  M(A  -1,Z-1)  +  Mh-  M{A,  Z)  (3.27) 


or,  using  Equation  3.24, 


Bp  =  B{A,  Z)  -  B(A  -  1,  Z  -  1) 


(3.28) 


The  separation  energy  for  an  alpha  particle  is 

Ba  =  M(A  -  4,  Z  -  2)  +  MHe  -  M(A,  Z)  (3.29) 

or,  using  Equation  3.24, 

Ba  =  B(A,  Z)  -  B(A  -  4,  Z  -  2)  -  B{ 4,  2)  (3.30) 
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EXAMPLE  3.6 

What  is  the  separation  energy  of  the  last  neutron  of  the  2He  nucleus? 

Answer 

Using  data  from  Appendix  B  and  Equation  3.25,  one  obtains 
fi„  =  M( 3,2)  +  Mn-  M(4,2) 

=  [(3.01  6030  +  1.008665  -  4.002604)  u]931.478  MeV/u 
=  0.022091(931.478  MeV)  =  20.58  MeV  =  3.3  x  1  0“12  J 

_ > 


If  the  average  binding  energy  per  nucleon 

b(A,  Z)  =  B(^A’  Z)  (3.31) 

A 

is  plotted  as  a  function  of  A,  one  obtains  the  result  shown  in  Figure  3.3.  The  average  binding 
energy  changes  relatively  little,  especially  for  A  >  30.  Note  that  Figure  3.3  has  a  different  A 
scale  for  A  <  30. 

Figure  3.3  is  very  important  because  it  reveals  the  processes  by  which  energy  may  be 
released  in  nuclear  reactions.  If  one  starts  with  a  very  heavy  nucleus  ( A  =  240)  and  breaks  it 
into  two  medium-size  nuclei  (fission),  energy  will  be  released  because  the  average  binding 
energy  per  nucleon  is  larger  for  nuclides  in  the  middle  of  the  periodic  table  than  it  is  for 
heavy  nuclides.  On  the  other  hand,  if  one  takes  two  very  small  nuclei  {A  =  2,  3)  and  fuses 


Mass  number  A 


FIGURE  3.3  The  change  of  the  average  binding  energy  per  nucleon  with  mass  number  A. 
Note  the  change  in  scale  after  A  =  30.  (From  Evans,  R.  D.,  The  Atomic  Nucleus,  McGraw-Hill, 
New  York,  1955.  Copyright  ©  1955  by  McGraw-Hill.  Used  with  the  permission  of  McGraw-Hill 
Book  Company.) 
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them  into  a  larger  one,  energy  is  again  released  due  to  similar  increase  in  the  average  bind¬ 
ing  energy  per  nucleon. 


3.6  NUCLEAR  ENERGY  LEVELS 

Neutrons  and  protons  are  held  together  in  the  nucleus  by  the  nuclear  force.  Although  the 
exact  nature  of  the  nuclear  force  is  not  known,  scientists  have  successfully  predicted  many 
characteristics  of  nuclear  behavior  by  assuming  a  certain  form  for  the  force  and  construct¬ 
ing  nuclear  models  based  on  that  form.  The  success  of  these  models  is  measured  by  how 
well  their  predicted  results  agree  with  the  experiment.  Many  nuclear  models  have  been 
proposed,  each  of  them  explaining  certain  features  of  the  nucleus;  but  as  of  today,  no  model 
exists  that  explains  all  the  facts  about  all  the  known  nuclides. 

All  the  nuclear  models  assume  that  the  nucleus,  like  the  atom,  can  exist  only  in  cer¬ 
tain  discrete  energy  states.  Depending  on  the  model,  the  energy  states  may  be  assigned  to 
the  nucleons — neutrons  and  protons— or  the  nucleus  as  a  whole.  The  present  discussion  of 
nuclear  energy  levels  will  be  based  on  the  second  approach. 

The  lowest  possible  energy  state  of  a  nucleus  is  called  the  ground  state  (Figure  3.4).  In 
Figure  3.4,  the  ground  state  is  shown  as  having  negative  energy  to  indicate  a  bound  state. 
The  ground  state  and  all  the  excited  states  below 
the  zero  energy  level  are  called  bound  states.  If 
the  nucleus  finds  itself  in  any  of  the  bound  states, 
it  deexcites  after  a  time  of  the  order  of  10“12  to 
ICh10  s  by  dropping  to  a  lower  state.  Deexcitation 
is  accompanied  by  the  emission  of  a  photon  with 
energy  equal  to  the  difference  between  the  ener¬ 
gies  of  the  initial  and  final  states.  Energy  states 
located  above  the  zero  energy  level  are  called  vir¬ 
tual  energy  levels.  If  the  nucleus  obtains  enough 
energy  to  be  raised  to  a  virtual  level,  it  may  deex- 
cite  either  by  falling  to  one  of  the  bound  levels  or 
by  emitting  a  nucleon. 

Studies  of  the  energy  levels  of  all  the  known 
nuclides  reveal  the  following: 


::::::::::  i 


Virtual  levels 


FIGURE  3.4  Bound  and  virtual  nuclear  energy  levels. 


1.  The  distance  between  nuclear  energy  levels  is  of  the  order  of  keV  to  MeV.  By  con¬ 
trast,  the  distance  between  atomic  levels  is  of  the  order  of  eV. 

2.  The  distance  between  levels  decreases  as  the  excitation  energy  increases  (Figure 
3.5).  For  very  high  excitation  energies,  the  density  of  levels  becomes  so  high  that  it  is 
difficult  to  distinguish  individual  energy  levels. 

3.  As  the  mass  number  A  increases,  the  number  of  levels  increases;  that  is,  heavier  nuclei 
have  more  energy  levels  than  lighter  nuclei  (in  general — there  may  be  exceptions). 

4.  As  A  increases,  the  energy  of  the  first  excited  state  decreases  (again,  in  general- 
exceptions  exist).  For  example, 

9Be:  first  excited  state  is  at  1.68  MeV 
56Fe:  first  excited  state  is  at  0.847  MeV 
238U:  first  excited  state  is  at  0.044  MeV 
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Additional  levels  above  8  MeV:  32  in  (p,t), 
19  in  (3He,n),  8  in  (160, 14C). 


5  - 


-wi — ' 

737)  ' 

13=)  ' 

WTTf 

(6+)  ) 

in±r^ 


2  - 


1  - 


01- 


7.29 


WTTTT7 


7.91 

'JW 


'7.4 


\7.25 

V7.14 

-7.02 

6.73 

6.66 


-6.52 


0+ 


0.05  ps 


2+ 


5.316 


_5.002. 

.  4.932 


3.952 

C3.924 


2.701 


•AB  • 


0+ 


56 

28 


Ni 


FIGURE  3.5  The  energy  levels  of  ||Ni.  In  this  diagram,  the  zero  energy  has  been  switched  to  the 
ground  state  of  the  nucleus.  The  numbers  on  the  right-hand  column  show  the  energy  of  each  level 
in  MeV.  (From  Lederer,  C.  M.  and  Shirley,  V.  S.  (eds.),  Table  of  Isotopes,  7th  ed.  Wiley-lnterscience, 
New  York,  1978,  p.  163.  (NB:  Table  of  Isotopes  has  been  updated:  Firestone,  R.  B.,  Baglin,  C.  M.,  and 
Chu,  S.  Y.  F.,  Table  of  Isotopes,  8th  ed.  John  Wiley  and  Sons,  New  York,  1999.)) 
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3.7  ENERGETICS  OF  NUCLEAR  DECAYS 

This  section  discusses  the  energetics  of  a,  (3,  and  y  decays,  demonstrating  how  the  kinetic 
energies  of  the  products  of  the  decay  can  be  calculated  from  the  masses  of  the  particles 
involved.  In  all  cases,  it  will  be  assumed  that  the  original  unstable  nucleus  is  at  rest— that  is, 
it  has  zero  kinetic  energy  and  linear  momentum.  This  assumption  is  very  realistic  because 
the  actual  kinetic  energies  of  nuclei  due  to  thermal  motion  are  of  the  order  of  kT  (of  the 
order  of  eV),  where  k  is  the  Boltzmann  constant  and  T  the  temperature  (Kelvin),  whereas 
the  energy  released  in  most  decays  is  of  the  order  of  MeV. 

In  writing  the  equation  representing  the  decay,  the  following  notation  will  be  used: 

M  =  atomic  mass  (or  Me2  =  rest  mass  energy) 

£y  =  energy  of  a  photon 

7)  =  kinetic  energy  of  a  particle  type  i 

Pt  =  linear  momentum  of  a  particle  type  i 


3.7.1  Gamma  Decay 

In  y  decay,  a  nucleus  goes  from  an  excited  state  to  a  state  of  lower  energy  and  the  energy 
difference  between  the  two  states  is  released  in  the  form  of  a  photon.  Gamma  decay  is  rep¬ 
resented  by 


zX*  -»  |X  +  y 

where  ^X*  indicates  the  excited  nucleus. 

Applying  conservation  of  energy  and  momentum  for  the  states  before  and  after  the 
decay,  we  have*: 

Conservation  of  energy: 


M*(A,  Z)  =  M{A,  Z)+Tm  +  £y 


(3.32) 


Conservation  of  momentum: 


0  -  Pm  +  PY 


(3.33) 


Using  these  two  equations  and  the  nonrelativistic  form  of  the  kinetic  energy  of  the 
nucleus, 


1  p 1  p 1  p1 

TM  =  -MV2  =  ZAL  =  -^  =  -hi- 

2  2M  2M  2  Me2 


(3.34) 


Equations  in  this  chapter  are  written  in  terms  of  atomic,  not  nuclear,  masses.  This  notation  introduces  a  slight 
error  because  the  binding  energy  of  the  atomic  electrons  is  not  taken  into  account  (see  Section  3.5). 
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Use  has  been  made  of  the  relationship  £y  =  Pyc  (the  photon  rest  mass  is  zero).  Equation 
3.34  gives  the  kinetic  energy  of  the  nucleus  after  the  emission  of  a  photon  of  energy  Ey.  This 
energy  is  called  the  recoil  energy. 

The  recoil  energy  is  small.  Consider  a  typical  photon  of  1  MeV  emitted  by  a  nucleus 
with  A  =  50.  Then,  from  Equation  3.34, 


Tm 


l2(MeV)2 
2(50)  (932)  (MeV) 


»  11  eV 


Most  of  the  time,  this  energy  is  ignored  and  the  gamma  energy  is  written  as 

Ey  =  M*(A,  Z)  -  M(A,  Z) 

However,  there  are  cases  where  the  recoil  energy  may  be  important,  for  example,  in 
radiation  damage  studies. 

Sometimes,  the  excitation  energy  of  the  nucleus  is  given  to  an  atomic  electron 
instead  of  being  released  in  the  form  of  a  photon.  This  type  of  nuclear  transition  is  called 
internal  conversion  (IC),  and  the  ejected  atomic  electron  is  called  an  internal  conversion 
electron. 

Let  Tf  be  the  kinetic  energy  of  an  electron  ejected  from  shell  i  and  Bt  be  the  binding 
energy  of  an  electron  in  shell  i.  Equation  3.32  now  takes  the  form 

M*(A,  Z)  =  M(A,  Z)  +  Tt  +  Bt  +  TM  (3.35) 


Even  though  the  electron  has  some  nonzero  rest  mass  energy,  it  is  so  much  lighter  than 
the  nucleus  that  TM  «  Ti  (considering  conservation  of  linear  momentum,  as  with  gamma 
emission).  Consequently,  Tm  is  ignored  and  Equation  3.35  is  written  as 


Tt  =  M*(A,  Z)  -  M(A,  Z)  -  Bi 


(3.36) 


If  Q  =  M*(A,  Z)  —  M(A,  Z)  =  energy  released  during  the  transition,  then 

Ti=Q-  Bi 

When  internal  conversion  occurs,  there  is  a  probability  that  an  electron  from  the  K 
shell,  L  shell,  M  shell,  or  another  shell  may  be  emitted.  The  corresponding  equations  for  the 
electron  kinetic  energies  are 


rK  =  Q  -  Bk 

tl  =  q-bl 

Tm  =  Q  -  Bm  and  so  on  (3.37) 


Therefore,  a  nucleus  that  undergoes  internal  conversion  is  a  source  of  monoenergetic 
electrons  with  energies  given  by  Equation  3.37.  A  typical  internal  conversion  electron  spec¬ 
trum  is  shown  in  Figure  3.6.  The  two  peaks  correspond  to  K  and  L  electrons.  The  diagram 
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FIGURE  3.6  The  internal  conversion  spectrum  of  113Sn.  The  two  peaks  correspond  to  K  electrons 
(363  keV)  and  L  electrons  (387  keV). 

on  the  right  (Figure  3.6)  shows  the  transition  energy  to  be  392  keV.  The  K-shell  energy  is  then 
Bk  =  392  -  363  =  29  keV  and  the  L-shell  binding  energy  is  BL  =  392  -  387  =  5  keV.  Let 

Xe  =  probability  that  internal  conversion  will  occur 
X,  =  probability  that  a  photon  will  be  emitted 
Xt  =  probability  that  an  electron  from  shell  i  will  be  emitted 
X  =  total  probability  for  y  decay 

Then* 


Xe  —  XK  +  Xl  +  Xm  +  •  •  • 


(3.38) 


and 


X  =  Xy+Xe  (3.39) 

For  most  nuclei,  Xe  =  0,  but  there  is  no  y-decaying  nucleus  for  which  Xy=  0.  This  means 
radioisotopes  that  internally  convert,  emit  gammas  as  well  as  electrons.  After  an  atomic 
electron  is  emitted,  the  empty  state  that  was  created  will  quickly  be  filled  by  another  elec¬ 
tron  that  “falls  in”  from  the  outer  shells.  As  a  result  of  such  a  transition,  an  x-ray  is  emitted. 
Therefore,  internally  converting  nuclei  emit  y-rays,  electrons,  and  x-rays. 

Radioisotopes  that  undergo  internal  conversion  are  the  only  sources  of  monoenergetic 
electrons,  except  for  accelerators.  They  are  very  useful  as  instrument  calibration  sources. 
Three  isotopes  frequently  used  are  113Sn,  137Cs,  and  207Bi. 


Tables  of  isotopes  usually  give,  not  the  values  of  the  different  Xs,  but  the  so-called  IC  coefficients,  which  are  the 
ratios  and  so  on  (see  Reference  2). 
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3.7.2  Alpha  Decay 

Alpha  decay  is  represented  by  the  equation 

-»  fJ2Y  +  4  He 

Applying  conservation  of  energy  and  momentum, 

M(A,  Z)  =  M(A  -  4,  Z  -  2)  +  M( 4,  2 )  +  TM  +  Ta  (3-40) 


and 


0  =  Pa  +  Pm  (3.41) 

The  energy  that  becomes  available  as  a  result  of  the  emission  of  the  alpha  particle  is 
called  the  decay  energy  Qa,  defined  by 

Qa  =  (mass  of  parent)  -  (mass  of  decay  products) 

Qa  =  M(A,  Z)  -  M{A  -  4,  Z  -  2)  -  M{ 4,  2) 

Obviously,  for  a  decay  to  occur,  Qa  should  be  greater  than  zero.  Therefore,  a  decay  is 
possible  only  when 


M(A,  Z)  >  M(A  -  4,  Z  -  2)  +  M( 4,  2)  (3.43) 

If  the  daughter  nucleus  is  left  in  its  ground  state,  after  the  emission  of  the  alpha,  the 
kinetic  energy  of  the  two  products  is  (from  Equation  3.40) 

TM  +  Ta=  Qa  (3.44) 

In  many  cases,  the  daughter  nucleus  is  left  in  an  excited  state  of  energy  £,,  where  i  indi¬ 
cates  the  energy  level.  Then,  Equation  3.44  becomes 

TM  +Ta  =  Qa  ~  Ei  (3.45) 

which  shows  that  the  available  energy  (Qa)  is  decreased  by  the  amount  Et. 

The  kinetic  energies  Ta  and  TM  can  be  calculated  from  Equations  3.41  and  3.44.  The 
result  is 


Ta  = 

Tm 


M(A  -  4,  Z  -  2) 

M(A  -  4,  Z  -  2)  +  M( 4,  2)  ^ 

=  _ Ma _ 

M(A  -  4,  Z  -  2)  +  M( 4,  2) 


(Qa 


A-  4 

Ei)  »  — —  (Q«  -  Et) 

A 

-  Et)  »  4(Qa  -  Ei) 

A 


(3.46) 

(3.47) 
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EXAMPLE  3.7 

What  are  the  kinetic  energies  of  the  alphas  emitted  by  238U? 

Answer 

The  decay  scheme  of  llsD  is  shown  in  Figure  3.7.  After  the  alpha  is  emitted,  the  daugh¬ 
ter  nucleus,  go4Th,  may  be  left  in  one  of  the  two  excited  states  at  0.16  and  0.048  MeV 
or  go  to  the  ground  state. 

The  decay  energy  Qa  is  (Equation  3.42) 

Qa  =  A4(238,  92)  -  A4(234,  90)  -  M( 4,  2) 

=  238.050786  -  234.043594  -  4.002603 
=  0.004589  u  =  0.004589  x  931 .481  MeV  =  4.27  MeV 


Depending  on  the  final  state  of  so4Th,  the  energy  of  the  alpha  particle  is 


234 

Ta  =  —  Qa  =  4.20  MeV 
238 


Ta  =  |^(Qh  -0.048)  =  4.1 5  MeV 
zJo 


Ta  =  -0.16)  =  4.04  MeV 

z  Jo 


238  u 
92 


Energy  (MeV)  - 


Energy  (MeV)  - 


234  n, - 2_ 

90 


0.23% 

23% 

77% 


FIGURE  3.7  The  alpha  decay  scheme  of  238U.  The  percentage  values  give  the  prob¬ 
ability  of  decay  through  the  corresponding  level.  (From  Lederer,  C.  M.  and  Shirley,  V.  S. 
(eds.),  Table  of  Isotopes,  7th  ed.  Wiley-lnterscience,  New  York,  1978.  (NB:  Table  of  Isotopes 
has  been  updated:  Firestone,  R.  B.,  Baglin,  C.  M.,  and  Chu,  S.  Y.  F.,  Table  of  Isotopes,  8th  ed. 
John  Wiley  and  Sons,  New  York,  1999.)) 


J 


3.7.3  Beta  Decay 

In  [3  decay,  a  nucleus  emits  an  electron  or  a  positron  and  is  transformed  into  a  new  element. 
In  addition  to  the  electron  or  the  positron,  a  neutral  particle  with  rest  mass,  essentially,  zero* 
is  also  emitted.  There  are  two  types  of  (3  decay,  p-  and  P+. 


Whether  or  not  the  mass  of  the  neutrino  is  exactly  zero,  is  still  under  debate  today  (2015). 
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P  Decay.  This  type  of  decay  is  represented  by 

->  z+iY  +  p-  +  v 

where 

P~  =  negative  beta  particle  =  electron 
v  =  antineutrino 

Historically,  the  name  P  particle  has  been  given  to  electrons  that  are  emitted  by  nuclei 
undergoing  beta  decay.  The  antineutrino  (v)  is  a  neutral  particle  with  rest  mass  so  small 
that  it  is  taken  as  equal  to  zero  in  the  energetic  calculations  for  p  decay. 

The  energy  equation  of  p~  decay  is 

Mn(A,  Z)  =  Mn(A,  Z  +  1)  +  m  +  Tr  +  Tv  +  TM  (3.48) 

where  MN(A,  Z)  is  the  nuclear  mass  and  m  is  the  electron  rest  mass.  Using  atomic  masses, 
Equation  3.48  becomes  (see  Section  3.5) 

M{A,  Z)  =  M(A,  Z  +  1)  +  Tp_  +  Tyj  +  TM  (3.49) 

The  momentum  equation  is 

0  =  PM  +  Pp-  +  Pv  (3.50) 


The  p~  decay  energy,  Qp_,  is  defined  as 

Qp-  =  M(A,  Z)  -  M(A,  Z  +  1)  (3.51) 

The  condition  for  p~  decay  to  be  possible  is 

M(A,  Z)  -  M(A,  Z  +  1)  >  0  (3.52) 

In  terms  of  Qp- ,  Equation  3.49  is  rewritten  in  the  form 

Tp-  +  7V  +  Tm  =  Qp-  (3.53) 

Equations  3.50  and  3.53  show  that  three  particles,  the  nucleus,  the  electron,  and  the 
antineutrino,  share  the  energy  Qp-,  and  their  total  momentum  is  zero. 

There  is  an  infinite  number  of  combinations  of  kinetic  energies  and  momenta  that 
satisfy  these  two  equations  and  as  a  result,  the  energy  spectrum  of  the  betas  is  continuous. 

In  Equation  3.53,  the  energy  of  the  nucleus,  TM,  is  much  smaller  than  either  T^.  or  Tv 
because  the  nuclear  mass  is  huge  compared  to  that  of  the  electron  or  the  antineutrino.  For 
all  practical  purposes,  TM  can  be  ignored  and  Equation  3.53  takes  the  form 

Tr  +TV  -  Qp-  (3.54) 

As  in  the  case  of  a  decay,  the  daughter  nucleus  may  be  left  in  an  excited  state  after  the 
emission  of  the  P~  particle.  Then,  the  energy  available  to  become  kinetic  energy  of  the  emitted 
particles  is  less.  If  the  nucleus  is  left  in  the  z'th  excited  state  Et,  Equation  3.54  takes  the  form 

Tp-  +TV  =  Qp-  -  Ei  =  £max  (3.55) 
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According  to  Equation  3.54,  the  electron  and  the  antineutrino  share  the  energy  Q^_  (or 
£max)  and  there  is  a  certain  probability  that  either  particle  may  have  an  energy  within  the  limits 

0<  Tp  <  £max  (3.56) 

£max  >  TV  >  0  (3.57) 


which  means  that  the  beta  particles  have  a  continuous  energy  spectrum.  Let  (3(7)  dT be 
the  number  of  beta  particles  with  kinetic  energy  between  7  and  7  +  dT.  The  function 
(3(7)  has  the  general  shape  shown  in  Figure  3.8.  The  energy  spectrum  of  the  antineutri¬ 
nos  is  the  complement  of  that  shown  in  Figure  3.8,  consistent  with  Equation  3.57.  The 
continuous  energy  spectrum  of  (3~  particles  should  be  contrasted  with  the  energy  spec¬ 
trum  of  internal  conversion  electrons  shown  by  Figure  3.6. 

As  stated  earlier,  beta  particles  are  electrons.  The  practical  difference  between  the 
terms  electrons  and  betas  is  this:  A  beam  of  electrons  of  energy  7  consists  of  electrons 
each  of  which  has  the  kinetic  energy  7  A  beam  of  beta  particles  with  energy  £max  consists 
of  electrons  that  have  a  continuous  energy  spectrum  (Figure  3.8)  ranging  from  zero  up  to  a 
maximum  kinetic  energy  £max. 

Figure  3.9  shows  the  (3~  decay  scheme  of  the  isotope  jifCs.  For  an  example  of  a  Qp_  cal¬ 
culation,  consider  the  decay  of  sfCs: 


FIGURE  3.8  Atypical 
beta  energy  spectrum 
(shows  shape  only;  does 
not  mean  that  (3_  is  intense 
than  (3+). 


Qp-  =  M(55,  137)  -  M( 56,  137)  =  (136.90682  -  136.90556)  u  =  0.00126u 
=  0.0012  (931.478  MeV)  =  1.1760  MeV  =  1.3  x  10‘13  J 


If  the  567Ba  is  left  in  the  0.6616  MeV  state  (which 
happens  93.5%  of  the  time),  the  available  energy  is 

£max  =  1.1760  -  0.6616  =  0.5144  MeV 

For  many  calculations  it  is  necessary  to  use  the  aver¬ 
age  energy  of  the  beta  particles,  £p_ .  An  accurate  equa¬ 
tion  for  £p_  has  been  developed,1  but  in  practice,  the 
average  energy  is  taken  to  be 

£p  =  (3.57a) 


Probability  for 
transition 


137 

55 


Cs 


p- 

93.5% 

/ 


6.5% 


(3+  Decay.  The  expression  representing  (3+  decay  is 
-a  ziY  +  (3+  +  v 

where 

(3+  =  positron 
V  =  neutrino 


FIGURE  3.9  The  decay  scheme  of  137Cs.  The  Q  value  of  the 
(3“  decay  is -1.176  MeV.  Probability  for  each  transition  is  given 
in  percent.  (From  Lederer,  C.  M.  and  Shirley,  V.  S.  (eds.),  Table  of 
Isotopes,  7th  ed.  Wiley-lnterscience,  New  York,  1978.  (NB:  Table 
of  Isotopes  has  been  updated:  Firestone,  R.  B.,  Baglin,  C.  M.,  and 
Chu,  S.  Y.  F.,  Table  of  Isotopes,  8th  ed.  John  Wiley  and  Sons,  1999.)) 


The  energy  equation  of  (3+  decay  is 

Mn(A,  Z)  =  Mn(A,  Z  —  1)  +  m  +  Tp  +  Tv  +  TM  (3.58) 
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Using  atomic  masses,  Equation  3.58  becomes 

M(A,  Z)  =  M(A,  Z  - 1)  +  2m  +  £p  +  Tv  +  TM  (3.59) 

The  momentum  equation  is 


0  —  Pm  +  Pp+  +  P„ 


(3.60) 


The  (3+  decay  energy  is 

Qp+  =  M(A,  Z)  -  M(A,  Z-l)-2m  (3.61) 

The  condition  for  (3+  decay  to  be  possible  is 

M{A,  Z)  -  M(A,  Z  -  1)  -  2m  >  0  (3.62) 

A  comparison  of  Equations  3.52  and  3.62  shows  that  p~  decay  is  possible  if  the  mass  of 
the  parent  is  just  bigger  than  the  mass  of  the  daughter  nucleus,  while  (3+  decay  is  possible 
only  if  the  parent  and  daughter  nuclear  masses  differ  by  at  least  2 me2  =  1.022  MeV. 

The  energy  spectrum  of  P+  particles  is  continuous,  for  the  same  reasons  the  p~  spec¬ 
trum  is,  and  similar  to  that  of  p~  decay  (Figure  3.8).  The  average  energy  of  the  positrons 
from  p+  decay,  £p+,  is  also  taken  to  be  equal  to  £max/ 3  unless  extremely  accurate  values  are 
needed,  in  which  case  the  equation  given  in  Reference  1  should  be  used. 

A  typical  p+  decay  scheme  is  shown  in  Figure  3.10. 

Electron  Capture.  In  some  cases,  an  atomic  electron  is  captured  by  the  nucleus  and  a 
neutrino  is  emitted  according  to  the  equation 

Mn(A,  Z)  +  m  =  Mn(A,  Z  -  1)  +  Tv  +  Be  (3.63) 

In  Equation  3.63,  all  the  symbols  have  been  defined  before  except  Be,  the  binding  energy 
of  the  electron  captured  by  the  nucleus.  This  transformation  is  called  electron  capture  (EC). 
In  terms  of  atomic  masses,  Equation  3.63  takes  the  form 


FIGURE  3.10  The  decay  scheme  of  22Na.  Note  that  it  is  QEC  that  is  plotted,  not  Qp+.  (From  Lederer, 
C.  M.  and  Shirley,  V.  S.  (eds.),  Table  of  Isotopes,  7th  ed.  Wiley-lnterscience,  New  York,  1978.  (NB:  Table 
of  Isotopes  has  been  updated:  Firestone,  R.  B.,  Baglin,  C.  M.,  and  Chu,  S.  Y.  F.,  Table  of  Isotopes,  8th  ed. 
John  Wiley  and  Sons,  New  York,  1999.)) 
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M(A,  Z )  =  M(A,  Z-1)  +  Tv  (3.64) 

The  energy  QEC  released  during  EC  is 

Qec  =  M{A,  Z)  -  M(A,  Z-  1)  (3.65) 

The  condition  for  EC  to  be  possible  is 

M(A,  Z)  -  M(A,  Z  -  1)  >  0  (3.66) 

Electron  capture  is  an  alternative  to  (3+  decay.  Comparison  of  Equations  3.61  and  3.66 
shows  that  nuclei  that  cannot  experience  (3+  decay  can  undergo  EC,  since  a  smaller  mass 
difference  is  required  for  the  latter  process.  Of  course,  EC  is  always  possible  if  (3+  decay  is. 
For  example,  22Na  (Figure  3.10)  decays  both  by  P+  decay  and  EC. 

After  EC  occurs,  there  is  a  vacancy  left  behind  that  is  filled  by  an  electron  falling  in 
from  a  higher  orbit.  Assuming  that  a  I<  electron  was  captured,  an  L  electron  may  fill  the 
empty  state  left  behind.  When  this  happens,  an  energy  approximately  equal  to  BK  -  BL 
becomes  available  (where  BK  and  BL  are  the  binding  energy  of  a  I<  or  L  electron,  respec¬ 
tively).  The  energy  BK  -  BL  maybe  emitted  as  a  I<  x-ray  called  fluorescent  radiation,  or  it  may 
be  given  to  another  atomic  electron.  If  this  energy  is  given  to  an  L  electron,  that  particle  will 
be  emitted  with  kinetic  energy  equal  to  (BK  -  BL)  -  BL  =  BK  -  2BL.  Atomic  electrons  emit¬ 
ted  by  this  process  are  called  Auger  electrons. 

Whenever  an  atomic  electron  is  removed  and  the  vacancy  left  behind  is  filled  by  an 
electron  from  a  higher  orbit,  there  is  a  competition  between  the  emission  of  Auger  elec¬ 
trons  and  fluorescent  radiation.  The  number  of  x-rays  emitted  per  vacancy  in  a  given  shell 
is  the  fluorescent  yield.  The  fluorescent  yield  increases  with  atomic  number. 


3.7.4  Particles,  Antiparticles,  and  Electron-Positron  Annihilation 

Every  known  subatomic  particle  has  a  counterpart  called  the  antiparticle.  A  charged 
particle  and  its  antiparticle  have  the  same  mass  and  opposite  charge.  If  a  particle  is 
neutral — for  example,  the  neutron — its  antiparticle  is  still  neutral.  Then  their  difference 
is  due  to  some  other  property,  such  as  magnetic  moment.  Some  particles,  like  the  photon, 
are  identical  with  their  own  antiparticles.  An  antiparticle  cannot  exist  together  with  the 
corresponding  particle.  When  an  antiparticle  meets  a  particle,  the  two  react  and  new 
particles  appear. 

Consider  the  example  of  the  electron  and  the  “antielectron,”  which  is  the  positron. 
The  electron  and  the  positron  are  identical  particles  except  for  their  charge,  which  is 
equal  to  e  but  negative  and  positive,  respectively.  The  rest  mass  of  either  particle  is  equal 
to  0.511  MeV.  A  positron  moving  in  a  medium  loses  energy  continuously,  as  a  result  of 
collisions  with  atomic  electrons  (see  Chapter  4).  Close  to  the  end  of  its  track,  the  posi¬ 
tron  combines  with  an  atomic  electron,  the  two  annihilate,  and  pho¬ 
tons  appear  with  a  total  energy  equal  to  2 me2.  At  least  two  photons 
should  be  emitted  for  conservation  of  energy  and  momentum  to  be  sat¬ 
isfied  (Figure  3.11).  Most  of  the  time,  two  photons,  each  with  energy 
0.511  MeV,  are  emitted.  As  a  result,  every  positron  emitter  is  also  a 
source  of  0.511-MeV  annihilation  gammas. 


•WWW  I  A/W\A> 

Ey  =  0.511  MeV  g+  Ey  =  0.511  MeV 


FIGURE  3.11  Electron-positron  annihilation. 
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0.127  s 


FIGURE  3.12  A  complex  decay  scheme.  For  complete  explanation  of  all  the  symbols  and 
numbers,  see  Reference  2.  FHalf-life  is  given  for  each  element's  ground  state,  and  energy  of  each 
level  is  given  at  intermediate  states.  Q„  is  the  neutron  separation  energy.  Transition  probabilities 
are  indicated  as  percentages.  (From  Lederer,  C.  M.  and  Shirley,  V.  S.  (eds.),  Table  of  Isotopes,  7th  ed. 
Wiley-lnterscience,  New  York,  1978.  (NB:  Table  of  Isotopes  has  been  updated:  Firestone,  R.  B.,  Baglin, 
C.  M.,  and  Chu,  S.  Y.  F.,  Table  of  Isotopes,  8th  ed.  John  Wiley  and  Sons,  New  York,  1999.)) 


3.7.5  Complex  Decay  Schemes 

For  many  nuclei,  more  than  one  mode  of  decay  is  possible.  Users  of  radioisotopic  sources 
need  information  about  particles  emitted,  energies,  and  probabilities  of  emission.  Many 
books  on  atomic  and  nuclear  physics  contain  such  information,  and  the  most  comprehen¬ 
sive  collection  of  data  on  this  subject  can  be  found  in  the  Table  of  Isotopes  by  Lederer  and 
Shirley.2  Figure  3.12  shows  an  example  of  a  complex  decay  scheme  taken  from  that  book. 


3.8  RADIOACTIVE  DECAY  LAW 

Radioactive  decay  is  spontaneous  change  of  a  nucleus.  The  change  may  result  in  a  new 
nuclide  or  simply  change  the  energy  of  the  nucleus.  If  there  is  a  certain  amount  of  a  radio¬ 
isotope  at  hand,  there  is  no  certainty  that  in  the  next  second  “so  many  nuclei  will  decay”  or 
“none  will  decay.”  One  can  talk  only  of  the  probability  that  a  nucleus  will  decay  in  a  certain 
period  of  time. 

The  probability  that  a  given  nucleus  will  decay  per  unit  time  is  called  the  decay  con¬ 
stant  and  is  indicated  by  the  letter  X.  For  a  certain  species,  X  is 

1.  The  same  for  all  the  nuclei 

2.  Constant,  independent  of  the  number  of  nuclei  present 

3.  Independent  of  the  age  of  the  nucleus 


www.Ebook777.com 


Review  of  Atomic  and  Nuclear  Physics  95 


Consider  a  certain  mass  m  of  a  certain  radioisotope  with  decay  constant  X.  The  num¬ 
ber  of  atoms  (or  nuclei)  in  the  mass  m  is  equal  to 


N  =  m 


Na 


(3.67) 


where 

Na  =  6.022  x  1023  =  Avogadro’s  number 
A  =  atomic  weight  of  the  isotope 

This  number  of  atoms  decreases  with  time,  due  to  the  decay  according  to 
Decrease  per  unit  time  =  decay  per  unit  time 
or  mathematically, 


_dN{tl  =  (3.68) 

dt 

The  solution  of  this  equation  is 

N(t)  =  N{0)e~u  (3.69) 

where  N{0)  =  number  of  atoms  at  t  =  0. 

The  probability  that  a  nucleus  will  not  decay  in  time  t—  that  is,  it  will  survive  time  t—  is 
given  by  the  ratio  of 


Atoms  not  decaying  in  time  t  N(0)e~u 

Atomsatf  =  0  N(0) 


(3.70) 


The  probability  that  the  nucleus  will  decay  between  t  and  t  +  dt  is  p{t)  dt  =  (probability 
to  survive  to  time  t)  (probability  to  decay  in  dt)  =  e-Xt  Xdt. 

The  average  lifetime  t  of  the  nucleus  is  given  by 


J  tp{t)  dt  j 

te  lt  Xdt 

0 

f  p(t)  dt 

Jo 

f  e-^Xdt 

"o 

(3.71) 


One  concept  used  extensively  with  radioisotopes  is  the  half-life  T,  defined  as  the  time 
it  takes  for  half  of  a  certain  number  of  nuclei  to  decay.  Thus,  using  Equation  3.69, 

Arc n  =  1  =  e-xr 
N{  0)  2  £ 


which  then  gives  the  relationship  between  X  and  T: 


In  2 


(3.72) 


www.Ebook777.com 


96  Measurement  and  Detection  of  Radiation 


For  a  sample  of  N{t)  nuclei  at  time  t,  each  having  decay  constant  X,  the  expected  num¬ 
ber  of  nuclei  decaying  per  unit  time  is 

A(t)  =  XN{t)  (3.73) 

where  A(t)  =  activity  of  the  sample  at  time  t. 

The  units  of  activity  are  the  Becquerel  (Bq),  equal  to  1  decay/s,  or  the  Curie  (Ci)  equal 
to  3.7  x  1010  Bq.  The  Becquerel  is  the  SI  unit  defined  in  1977. 

The  term  specific  activity  (SA)  is  used  frequently.  It  may  have  one  of  the  two  following 
meanings: 

1.  For  solids 


SA 


activity 

mass 


(Bq/kg  or  Ci/g) 


2.  For  gases  or  liquids 


SA  =  aCtmty  (Bq/m3  or  Ci/cm3) 
volume 


EXAMPLE  3.8 

What  is  the  SA  of  60Co? 

Answer 

The  SA  is 


_  A(t)  _  XN(t)  _  =  In2  *  Na 

m  m  mT  A  T  *  A 
_ _ (In2)(6.022  x  1023) _ 

(5.2  year)(3.1  6  x  1  07  s/year)(0.06  kg) 
=  4.23  x  1016  Bq/kg  =  1.14  x  103  Ci/kg 


J 


( - \ 

EXAMPLE  3.9 

What  is  the  SA  of  a  liquid  sample  of  10-3  m3  containing  10-6  kg  of  32P? 

Answer 

The  SA  is 

SA  -  —  =  —  -  —  m—  - _ (In 2)(1  0~6  kg)(6.022  x  1023) _ 

”\/_  U  ~  VT  m  A  ~  (10“:i  m3)(14.3days)(86,400s/days)(0.032kg) 

=  1 .05  x  1 016  Bq/m3  =  0.285  Ci/cm3 

V _ > 
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There  are  isotopes  that  decay  by  more  than  one  mode.  Consider  such  an  isotope  decay¬ 
ing  by  the  modes  1,2,3,  ••• ,  i  (e.g.,  alpha,  beta,  gamma,  etc.,  decay),  and  let 
A,-  =  probability  per  unit  time  that  the  nucleus  will  decay  by  the  2th  mode 
The  total  probability  of  decay  (total  decay  constant)  is 


A  —  Aj  +  A. 2  +  A3  +  ■ '  • 


(3.74) 


If  the  sample  contains  N{t)  atoms  at  time  t,  the  number  of  decays  per  unit  time  by  the 
2th  mode  is 


A(t)  =  A,Af(f)  =  AiAf(0)e"X£ 


(3.74a) 


The  term  partial  half-life  is  sometimes  used  to  indicate  a  different  decay  mode.  If  Tt  is 
the  partial  half-life  for  the  2th  decay  mode,  using  Equations  3.72  and  3.74,  one  obtains 


1111  1 


(3.75) 


=  —  +  —  +  —  +  ■••  +  —  +  ■•• 


T  7i  T2  T3  T, 


It  should  be  pointed  out  that  it  is  the  total  decay  constant  that  is  used  in  the  exponen¬ 
tial  term  of  Equations  3.69  and  3.74a,  and  not  the  partial  decay  constants. 


r 


EXAMPLE  3.10 


The  isotope  252Cf  decays  by  alpha  decay  and  by  spontaneous  fission.  The  total  half-life 
is  2.646  years  and  the  half-life  for  alpha  decay  is  2.731  years.  What  is  the  number  of 
spontaneous  fissions  per  second  per  10-3  kg  (1  g)  of  252Cf? 

Answer 

The  spontaneous  fission  activity  is 


The  spontaneous  fission  half-life  is,  using  Equation  3.75, 


(2.646  X  2.731) 
2.731  -  2.646 


=  85  years  =  2.68  x  1  09  s 


Therefore, 


6.022  x  1022 
252  x  10-3 


atoms/kg  =  6.1  7  x  1 011  sf/s 


J 
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Sometimes,  the  daughter  of  a  radioactive  nucleus  may  also  be  radioactive  and  decay  to 
a  third  radioactive  nucleus.  Thus,  a  radioactive  chain 

A/i  ->  N2  -t  N3  — >  etc. 

is  generated.  An  example  of  a  well-known  series  is  that  of  235U,  which  through  combined 
a  and  decays  ends  up  as  an  isotope  of  lead.  The  general  equation  giving  the  number  of 
atoms  of  the  z'th  isotope,  at  time  t  in  terms  of  the  decay  constants  of  all  the  other  isotopes 
in  the  chain  was  developed  by  Bateman.2  If  Nt(0)  is  the  number  of  atoms  of  the  ith  isotope 
of  the  series  at  time  t  =  0  and 


Ni(0)  =  0  i  >  1 


then  the  Bateman3  equation  takes  the  form 


N,-(t)  =  M2-JCmN,(0)Y 


(3.76) 


IWX*  -  kj) 


r 


EXAMPLE  3.11 


Apply  the  Bateman  equation  for  the  second  and  third  isotope  in  a  series. 


Answer 


e 


b.  N3(t)  =  XfaNM 


(X2  —  A1XA3  —  A,i)  (A,!  —  A-2  )(^3 


+ 


A-2)  (A-1  -  A-3 )(X-2  —  A3) 


3.9  NUCLEAR  REACTIONS 
3.9.1  General  Remarks 


A  nuclear  reaction  is  an  interaction  between  two  particles,  a  fast  bombarding  particle, 
called  the  projectile,  and  a  slower  or  stationary  target.  The  products  of  the  reaction  may  be 
two  or  more  particles.  For  the  energies  considered  here  (<20  MeV),  the  products  are  also 
two  particles  (with  the  exception  of  fission,  which  is  discussed  in  the  next  section). 

If  Xj,  X2  are  the  colliding  particles  and  x3,  X4  are  the  products,  the  reaction  is  indicated  as 


or 


X2(xi,x3)X4 
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The  particles  in  parentheses  are  the  light  particles,  Xj  being  the  projectile.  Another 
representation  for  the  reason  is  based  on  the  light  particles  only,  in  which  case  the  reaction 
shown  above  is  indicated  as  an  (x1(  x3)  reaction.  For  example,  the  reaction 

o  n  +  5°B  — p  fHe  +  3Li 

may  be  indicated  as  5°B(k,  a)3Li  or  simply  as  an  (n,  a)  reaction. 

Certain  quantities  are  conserved  when  a  nuclear  reaction  takes  place.  Four  are  consid¬ 
ered  here.  For  the  reaction  shown  above,  the  following  quantities  are  conserved: 

Charge: 


Z\  +  £2  —  Z3  -P  £4 


Mass  number: 


A3  -P  A2  —  A3  -P  A4 


Total  energy: 


£1  +  E2  =  E3  +  £4  (rest  mass  plus  kinetic  energy) 
Linear  momentum: 


Pi  +  P2  —  P3  +  P4 

Many  nuclear  reactions  proceed  through  the  formation  of  a  compound  nucleus.  The 
compound  nucleus,  formed  after  particle  x3  collides  with  X2,  is  highly  excited  and  lives 
for  a  time  of  the  order  of  10-12  to  10~14  s  before  it  decays  to  x3  and  X4.  A  compound  nucleus 
may  be  formed  in  more  than  one  way  and  may  decay  by  more  than  one  mode  that  does  not 
depend  on  the  mode  of  formation.  Consider  the  example  of  the  compound  nucleus  24N  as 
shown  in  Figure  3.13. 

The  modes  of  formation  and  decay  of  14N  are  shown  in  the  form  of  an  energy  level  dia¬ 
gram  in  Figure  3.14.  No  matter  how  the  compound  nucleus  is  formed,  it  has  an  excitation 
energy  equal  to  the  separation  energy  of  the  projectile  (a,  n,  p,  etc.)  plus  a  fraction  of  the 
kinetic  energy  of  the  two  particles.  Since  the  separation  energy  is  of  the  order  of  MeV,  it  is 


Formation  Compound  nucleus  Decay 


FIGURE  3.13  Various  ways  by  which  the  compound  nucleus  14N  is  formed  and  decays. 
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FIGURE  3.14  Different  modes  of  formation  and  decay  of  the  component  nucleus  ’jN.  For  clarity, 
the  diagram  shows  that  the  compound  nucleus  has  the  same  excitation  energy  regardless  of  the 
way  it  is  formed.  This  is  not  necessarily  the  case. 


obvious  that  the  compound  nucleus  has  considerable  excitation  energy  even  if  the  projectile 
and  the  target  have  zero  kinetic  energy. 

Exactly  what  happens  inside  the  compound  nucleus  is  not  known.  It  is  believed— and 
experiment  does  not  contradict  this  idea— that  the  excitation  energy  of  the  compound 
nucleus  is  shared  quickly  by  all  the  nucleons  {Ax  +A 2).  There  is  continuous  exchange  of 
energy  among  all  the  nucleons  until  one  of  them  (or  a  cluster  of  them)  obtains  energy 
greater  than  its  separation  energy  and  is  able  to  leave  the  compound  nucleus,  becoming  a 
free  particle. 

3.9.2  Kinematics  of  Nuclear  Reactions 

In  this  section,  two  questions  will  be  answered: 

1.  Given  the  masses  mv  M2,  m3,  M4,  and  the  kinetic  energies  of  the  projectile  (mj  and 
the  target  (M2),  how  can  one  calculate  the  kinetic  energies  of  the  products  with 
masses  m3  and  M4? 

2.  What  is  the  minimum  kinetic  energy  the  particles  with  masses  m{,  M2  ought  to  have 
to  be  able  to  initiate  the  reaction? 

The  discussion  will  be  limited  to  the  case  of  a  stationary  target,  the  most  commonly 
encountered  in  practice. 

Consider  a  particle  of  mass  m1  having  speed  t)4  (kinetic  energy  T2)  hitting  a  station¬ 
ary  particle  of  mass  M2.  The  particles  m3,  Mi  are  produced  as  a  result  of  this  reaction  with 
speeds  X)3,  D4  (kinetic  energies  T3,  T4),  as  shown  in  Figure  3.15.  Applying  conservation  of 
energy  and  linear  momentum,  one  has 
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Energy: 

wii  +  X)  +  M2  —  m3  +  T3  +  M4  +  T4  (3.77) 

Momentum,  x  axis: 

m it)!  =  W3D3  cos  0  +  M4D4  cos  <()  (3.78) 

Momentum,  y  axis: 


FIGURE  3.15  The  kinematics  of  the  reaction  M2  [mv  m3)M4. 


m3v  3  sin  0  =  M4D4  sin  4> 


(3.79) 


The  quantity 


Q  =  m1  +  M2  -  m3  —  (3.80) 

is  called  the  Q  value  of  the  reaction.  If  Q  >  0,  the  reaction  is  called  exothermic  or  exoergic. 
If  Q  <  0,  the  reaction  is  called  endothermic  or  endoergic. 

Assuming  nonrelativistic  kinematics,  in  which  case  T  =  (1/2)  ml)2,  Equations  3.77  through 
3.79  take  the  form 


T1  +  Q  =  T3  +  Ti 

(3.81) 

yj2m{Ti  =  yj2m3T3  cos  0  +  ^2M4Ti  cos  4> 

(3.82) 

i]2m3T3  sin  0  =  ^/2M4r4  sin  4> 

(3.83) 

Equations  3.81  through  3.83  have  four  unknowns  T3,  Tv  <|>,  and  0,  so  they  cannot  be 
solved  to  give  a  unique  answer  for  any  single  unknown.  In  practice,  one  expresses  a  single 
unknown  in  terms  of  a  second  one — for  example,  T3  as  a  function  of  0,  after  eliminating  T4 
and  (f».  Such  an  expression,  although  straightforward,  is  complicated.  Two  cases  of  special 
interest  are  the  following. 

Case  1:  0  =  0,  (|>  =  180°.  In  this  case,  the  particles  m3  and  M4  are  emitted  along  the  direc¬ 
tion  of  motion  of  the  bombarding  particle  (Figure  3.16).  Equations  3.81  and  3.82  take  the  form 

Ti  +  Q  =  T3  +  Ti  (3.84) 

=  4^F3  -  V MJi  (3.85) 

and  they  can  be  solved  for  T3  and  T4.  These  values  of  T3  and  T4  give  the  maximum  and  mini¬ 
mum  kinetic  energies  of  particles  m3  and  M4. 

Case  2:  0  =  90°.  In  this  case,  the  reaction  looks  as  shown  in  Figure  3.17.  The  momentum 
vectors  form  a  right  triangle  as  shown  on  the  right  of  Figure  3.17.  Therefore,  Equations  3.81 
and  3.82  take  the  form 


T1+Q  =  T3  +  T4 


(3.86) 
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m1 


*>i 

^  m2 
v2=0 


V3 

m3 - - - ► 


< 


V4 


M4 


FIGURE  3.16  A  case  where  the  reaction  products  are  emitted  180°  apart. 


FIGURE  3.17  A  case  where  the  reaction  products  are  emitted  90°  apart. 


m{Ti  +  m3T3  =  M4T4 


Again,  one  can  solve  for  T3  and  jT4.  The  value  of  T3  is 


(M4  -  mJTj  +  M4Q 
m3  +  M4 


(3.87) 


(3.88) 


3.9.3  Endothermic  and  Exothermic  Reactions 

If  Q  >  0,  the  reaction  is  called  exothermic  (or  exoergic);  it  may  take  place  with  zero  kinetic 
energy  of  the  reacting  particles.  If  Q  <  0,  the  reaction  is  called  endothermic  (or  endoergic). 
For  an  endothermic  reaction  to  occur,  the  reacting  particles  must  have  a  certain  minimum 
(threshold)  kinetic  energy. 

The  meaning  of  the  minimum  (threshold)  energy  necessary  to  initiate  a  reaction  can 
be  understood  with  the  help  of  Figure  3.18.  When  the  particle  m1  enters  the  target  nucleus 
M2,  a  compound  nucleus  is  formed  with  excitation  energy  equal  to 


Mn 


mi  +  M2 


Tx 


(3.89) 


where 

Bml  =  binding  energy  of  particle 

M2T1l{m1+  M2)  =  part  of  the  incident  particle  kinetic  energy  available  as  excitation 
energy  of  the  compound  nucleus. 

Only  a  fraction  of  the  kinetic  energy  T)  is  available  as  excitation  energy,  because  the  part 


— ^ - Til 

m3  +  M2  ) 
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Excited  state  of 
compound  nucleus 


FIGURE  3.18  Energy  level  diagram  for  endothermic  and  exothermic  reactions.  For  endothermic 
reactions,  the  threshold  energy  is  equal  to  [(m,  +  M2)/M2]\Q\. 


becomes  kinetic  energy  of  the  compound  nucleus  (see  Evans,  1955,  or  any  other  book  on 
nuclear  physics),  and  as  such  is  not  available  for  excitation. 

If  the  reaction  is  exothermic  (Q  >  0),  it  is  energetically  possible  for  the  compound 
nucleus  to  deexcite  by  going  to  the  state  (m3  +  M4)  (Figure  3.18),  even  if  Ti  =  0.  For  an 
endothermic  reaction,  however,  energy  at  least  equal  to  | Q|  should  become  available 
(from  the  kinetic  energy  of  the  projectile).  Therefore,  the  kinetic  energy  7j  should  be 
such  that 


M2  ^ 

FT-'1 
m.\  +  M2 


-  |Q| 


or  the  threshold  kinetic  energy  for  the  reaction  is 


r„h  =  — vt— ^-|Q| 

M2 


(3.90) 


(3.91) 


( - \ 

EXAMPLE  3.12 

Consider  the  reaction 

{,n  +  )4N  ^iHe  +  i’B 

with  the  nitrogen  being  at  rest  and  the  neutron  having  energy  2  MeV.  What  is  the  maxi¬ 
mum  kinetic  energy  of  the  alpha  particle? 
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Answer 

First  check  the  Q  value  of  the  reaction: 

Q  =  (14.003074  +  1 .008665  -  4.002603  -  1 1 ,009306)u  x  931 .481  MeV/u 
=  -0.1 58  MeV 

Since  Q  <  0,  it  is  an  endothermic  reaction.  The  threshold  neutron  energy  to  make  the 
reaction  possible  is  (Equation.  3.91): 

Tth  >  14  +  '*  (p  i  58)  =  0.1 69  MeV.  Since  Tn  =  2  MeV,  the  reaction  is  possible. 


The  alpha  particle  will  have  the  maximum  kinetic  energy  when  all  the  particles  move 
in  a  straight  line  (0  =  0,  Figure.  3.14;  see  also  Figure.  3.16).  Using  Equation  3.84  and 
Equation  3.85,  one  obtains  a  quadratic  equation  for  T3  (in  MeV). 


Ti  -  2.5 77T3  +  1.482  =  0 


which  gives  two  values  for  T3: 


Vs,,  =  1.710  MeV  T3,2 


0.866  MeV 


The  corresponding  values  of  T4  are 


r4;1  =  0.1 32  MeV  T4i2 


0.976  MeV 


The  two  pairs  of  values  correspond  to  the  alpha  being  emitted  at  0  =  0 
(T3  =  1.709  MeV  =  max.  kin.  energy)  or  0  =  180°  (T2  =  0.865  MeV  =  min.  kin.  energy). 
Correspondingly,  the  boron  nucleus  is  emitted  at  <^>  =  180°  or  <|>  =  0°  with  kinetic  ener¬ 
gies  T3  =  0.132  and  0.976  MeV,  respectively.  One  can  use  the  momentum  balance 
equation  (Equation  3.85)  to  verify  this  conclusion. 


r 


EXAMPLE  3.13 

What  is  the  energy  of  the  alpha  particle  in  the  reaction  J n  +  ?4N  — »  4He  +  "B  if  it  is 
emitted  at  90°?  Use  T,  =2  MeV,  the  same  as  in  Example  3.12. 

c In  +  74N  ->  4He  +  "B 


Answer 

Using  Equation  3.88, 


Ti  = 


(11-1)  x2  +  11(-0. 158) 
14  +  1 


MeV  =  1.217  MeV 


J 
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3.10  FISSION 


Fission  is  the  reaction  in  which  a  heavy  nucleus  splits  into  two  heavy  fragments,  accompa 
nied  by  the  emission  of  neutrons  and  other  particles  (see  details  below).  In  the  fission  pro 
cess,  net  energy  is  released,  because  the  heavy  nucleus  has  less 
binding  energy  per  nucleon  that  the  fission  fragments,  which 
belong  to  the  middle  of  the  periodic  table.  In  fact,  for  A  >  85, 
the  binding  energy  per  nucleon  decreases  (Figure  3.3);  there¬ 
fore,  any  nucleus  with  A  >  85  would  go  to  a  more  stable  con¬ 
figuration  by  fissioning.  Such  “spontaneous”  fission  is  possible 
but  very  improbable.  Only  very  heavy  nuclei  (Z  >  92)  undergo 
spontaneous  fission  at  a  considerable  rate. 

For  many  heavy  nuclei  (Z  >  90),  fission  takes  place  if  an 
amount  of  energy  at  least  equal  to  a  critical  energy  Ec  is  provided 
in  some  way,  as  by  neutron  or  gamma  absorption.  Consider,  as 
an  example,  the  nucleus  235U  (Figure  3.19).  If  a  neutron  with 
kinetic  energy  Tn  is  absorbed,  the  compound  nucleus  236U  has 
excitation  energy  equal  to  (Equation  3.89) 


Fission  products 


FIGURE  3.19 

absorption. 


The  fission  of  235U  induced  by  neutron 


B„  + 


A  +  l 


-T 

e  n 


If  Bn  +  ATJ(A  +  1)  >  Ec,  fission  may  occur  and  the  final  state  is  the  one  shown  as  fis¬ 
sion  products  in  Figure  3.19.  For  236U,  Ec  =  5.3  MeV  and  Bn  =  6.4  MeV.  Therefore,  even  a 
neutron  with  zero  kinetic  energy  may  induce  fission,  if  it  is  absorbed.  For  239U,  which  is 
formed  when  a  neutron  is  absorbed  by  238U,  Bn  =  4.9  MeV  and 
Ec  =  5.5  MeV.  Therefore,  fission  cannot  take  place  unless  the 
neutron  kinetic  energy  satisfies 


A  +  l  239 

Tn  >  ~—(Ec  -  Bn)  =  — H5.5  -  4.9) 

2jOO 


0.6  MeV 


N 


The  two  fission  fragments  are  nuclei  in  extremely  excited 
states  with  mass  numbers  in  the  middle  of  the  periodic  system. 
They  have  a  positive  charge  of  about  20e  and  they  are  neu¬ 
tron-rich.  This  happens  because  the  heavy  nuclei  have  a  much 
higher  neutron-proton  ratio  than  nuclei  in  the  middle  of  the 
periodic  table. 

Consider  as  an  example  236U  (Figure  3.20).  Assume  that  it 
splits  into  two  fragments  as  follows,  with  two  neutrons  emitted: 


Zj  =  48,  N}  =  79,  A1  =  127 
Z2  =  44,  N2  =  63,  A2  =  107 


FIGURE  3.20  The  fission  fragments  FF,  and  FF2  from 
236U  fission  are  neutron-rich.  They  reduce  their  neutron 
number  either  by  beta  decay  or  by  neutron  emission. 


The  two  fission  fragments  have  a  neutron-proton  ratio  higher  than  what  stability 
requires  for  their  atomic  mass.  They  get  rid  of  the  extra  neutron  either  by  directly  emitting 
neutrons  or,  much  more  commonly,  by  decay. 
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80  100  120  140  160 

Mass  number  A 


FIGURE  3.21  235U  fission  yield  for  thermal  neutron-induced  fission.  The  dashed  line  indicates  the 

yield  when  the  fission  is  induced  by  14-MeV  neutrons.  (Data  from  Lederer,  C.  M.  and  Shirley,  V.  S. 
(eds.),  Table  of  Isotopes,  7th  ed.  Wiley-lnterscience,  New  York,  1978.  (NB:  Table  of  Isotopes  has  been 
updated:  Firestone,  R.  B.,  Baglin,  C.  M.,  and  Chu,  S.  Y.  F.,  Table  of  Isotopes,  8th  ed.  John  Wiley  and 
Sons,  New  York,  1999.)) 


A  nucleus  does  not  always  split  in  the  same  fashion.  There  is  a  probability  that  each 
fission  fragment  ( A ,  Z)  will  be  emitted,  a  process  called  fission  yield.  Figure  3.21  shows 
the  fission  yield  for  235U  fission.  For  thermal  neutrons,  the  “asymmetric”  fission  is  favored. 
It  can  be  shown  that  asymmetric  fission  yields  more  energy.  As  the  neutron  energy 
increases,  the  excitation  energy  of  the  compound  nucleus  increases.  The  possibilities  for 
fission  are  such  that  it  does  not  make  much  difference,  from  an  energy  point  of  view, 
whether  the  fission  is  symmetric  or  asymmetric.  Therefore,  the  probability  of  symmetric 
fission  increases. 

The  fission  fragments  deexcite  by  emitting  betas,  gammas,  and  some  neutrons.  Most 
of  the  fragments  stay  radioactive  long  after  the  fission  takes  place.  About  200  MeV  are 
released  after  each  fission  reaction.  About  90%  of  this  energy  becomes  kinetic  energy  of 
the  two  fission  fragments.  The  important  characteristics  of  the  other  particles  emitted  by 
fission  are  as  follows: 

1.  Betas.  About  six  particles  are  emitted  per  fission,  carrying  a  total  average  energy 
of  7  MeV.  These  particles  are  emitted  by  decaying  fission  fragments  (see  Figure  3.20). 

2.  Gammas.  About  seven  gammas  are  emitted  at  the  time  of  fission.  These  are  called 
prompt  gammas.  At  later  times,  about  seven  to  eight  more  gammas  are  released, 
called  delayed  gammas.  Photons  carry  a  total  of  about  15  MeV  per  fission. 

3.  Neutrons.  The  number  of  neutrons  per  fission  caused  by  thermal  neutrons  is 
between  two  and  three.  This  number  increases  linearly  with  the  kinetic  energy  of 
the  neutron  inducing  the  fission.  The  average  energy  of  a  neutron  emitted  in  fission 
is  about  2  MeV.  More  than  99%  of  the  neutrons  are  emitted  at  the  time  of  fission  and 
are  called  prompt  neutrons.  A  very  small  fraction  is  emitted  as  delayed  neutrons. 
Delayed  neutrons  are  very  important  for  the  control  of  nuclear  reactors. 
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4.  Neutrinos.  About  11  MeV  are  taken  away  by  neu¬ 
trinos,  which  are  also  emitted  during  fission.  This 
energy  is  the  only  part  of  the  fission  energy  yield  that 
completely  escapes.  It  represents  about  5%  of  the  total 
fission  energy. 

Table  3.3  summarizes  the  particles  and  energies  involved 
in  fission.* 


TABLE  3.3 

Fission  Products 

Particle 

Number/Fission 

MeV/Fission 

Fission  fragments 

2 

160-170 

Neutrons 

2-3 

5 

Gammas  (prompt) 

7 

8 

Gammas  (delayed) 

7 

7 

Betas 

6 

7 

Neutrinos 

6 

11 

Total 

198-208 

Tritium  is  sometimes  produced  in  fission.  In  reactors  fueled  with  235U,  it  is  produced  at  the  rate  of  8.7  x  10-6 
tritons  per  fission.  The  most  probable  kinetic  energy  of  the  tritons  is  about  7.5  MeV. 
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PROBLEMS 

3.1  What  is  the  speed  of  a  10-MeV  electron?  What  is  its  total  mass,  relative  to  its  rest 
mass? 

3.2  What  is  the  speed  of  a  proton  with  a  total  mass  equal  to  2 Me2?  ( M  is  the  proton  rest 
mass). 

3.3  A  particle  has  20  MeV  kinetic  energy,  (a)  What  is  its  speed?  (b)  What  is  its  total  mass, 
relative  to  its  rest  mass?  Assume  the  particle  is  (1)  an  electron  and  (2)  a  12C  nucleus. 

3.4  What  is  the  kinetic  energy  of  a  neutron  that  will  result  in  1%  error  difference 
between  relativistic  and  classical  calculation  of  its  speed? 

3.5  What  is  the  mass  of  an  astronaut  traveling  with  speed  u  =  0.8c?  Mass  at  rest  is  70  kg. 

3.6  What  is  the  kinetic  energy  of  an  alpha  particle  with  a  total  mass  10%  greater  than 
its  rest  mass? 

3.7  What  would  the  density  of  graphite  be  if  the  atomic  radius  were  10~13  m?  [Atomic 
radius  (now)  10  1(1  m;  density  of  graphite  (now)  1600  kg/m3.] 

3.8  Calculate  the  binding  energy  of  the  deuteron.  [M(4H)  =  1.007825  u;  M(2 H)  = 
2.01410  u.] 

3.9  One  of  the  most  stable  nuclei  is  55Mn.  Its  nuclidic  mass  is  54.93805  u.  Determine 
its  total  binding  energy  and  average  binding  energy  per  nucleon. 

3.10  Calculate  the  separation  energy  of  the  last  neutron  of  241Pu.  [M(240Pu)  =  240.053809 
u;  M(241Pu)  =  241.056847  u.] 

3.11  Assume  that  the  average  binding  energy  per  nucleon  (in  some  new  galaxy)  changes 
with  A  as  shown  in  the  following  figure. 


a.  Would  fission  or  fusion  or  both  release  energy  in  such  a  world? 

b.  How  much  energy  would  be  released  if  a  tritium  (3H)  nucleus  and  a  helium 
(4He)  nucleus  combined  to  form  a  lithium  nucleus?  [M(3H)  =  3.016050  u; 
M(4 He)  =  4.002603  u;  M(7Li)  =  7.016004  uj 

3.12  A  simplified  diagram  of  the  137Cs  decay  is  shown  in  the  figure  below.  What  is  the 
recoil  energy  of  the  nucleus  when  the  0.6616-MeV  gamma  is  emitted? 
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3.13  The  isotope  239Pu  decays  by  alpha  emissions  to  235U  as  shown  in  the  following 
figure. 


239Pu 
941  u 


a.  What  is  Qa? 

b.  What  is  the  kinetic  energy  of  the  alphas  if  the  235U  nucleus  is  left  in  the  third 
excited  state?  What  is  the  kinetic  energy  of  the  alphas  if  the  235U  nucleus  is  left 
in  the  ground  state?  [M(235U)  =  235.043926  u;  Af(239 Pu)  =  239.052159  u.] 

3.14  Consider  the  isotopes  63Zn  and  63Cu.  Is  (3+ decay  possible?  Is  EC  possible?  What  is 
Qr?  What  is  QEC?  [M(63 Cu)  =  62.929597  u:  Af(63Zn)  =  62.933212  u.] 

3.15  The  Q  value  for  the  3H e(n,  p)  reaction  is  0.76  MeV.  What  is  the  nuclidic  mass  of 
3He? 

3.16  13N  decays  by  (3+  emission.  The  maximum  kinetic  energy  of  the  b+  is  1.20  MeV. 
What  is  the  nuclidic  mass  of  13N? 

3.17  14C  is  believed  to  be  made  in  the  upper  atmosphere  by  an  (n,p)  reaction  with  14N. 
What  is  Q  for  this  reaction?  [M(14C)  =  14.00324  u.] 

3.18  The  isotope  “Be  decays  to  l1  B.  What  are  the  maximum  and  average  kinetic  energy 
of  the  betas?  [M(nBe)  =  11.021658  u;  M(nB)  =  11.009306  u.] 

3.19  Natural  uranium  contains  the  isotopes  234U,  235U,  and  238U,  with  abundances  and 
half-lives  as  shown  below: 


a.  What  is  the  alpha  specific  activity  of  natural  uranium? 

b.  What  fraction  of  the  activity  is  contributed  by  each  isotope? 

3.20  The  isotope  210Po  generates  140,000  W/kg  thermal  power  due  to  alpha  decay.  What 
is  the  energy  of  the  alpha  particle?  (Ta  =  138.4  days.) 

3.21  How  many  years  ago  did  the  isotope  235U  make  up  3%  of  natural  uranium? 
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3.22  What  is  the  specific  alpha  activity  of  239Pu?  (For  239Pu:  =  5.5  x  1015  years, 

rtot  =  2.44  x  104  years.) 

3.23  Consider  the  reaction  \d(p ,«)lBe.  What  is  the  Q  value  for  this  reaction?  If  a  neu¬ 
tron  is  emitted  at  90°  (in  LS)  with  kinetic  energy  2  MeV,  what  is  the  energy  of  the 
incident  proton?  [Af(7Li)  =  7.016004  u;  M(J Be)  =  7.016929  u.] 

3.24  What  is  the  necessary  minimum  kinetic  energy  of  a  proton  to  make  the  reaction 
2He(p.rf)3He  possible?  (4He  at  rest). 

3.25  A  1-MeV  neutron  collides  with  a  stationary  23N  nucleus.  What  is  the  maximum 
kinetic  energy  of  the  emerging  proton?  [M(13N)  =  13.005738  u]. 

3.26  What  is  the  threshold  gamma  energy  for  the  reaction 

Y  +  62C  — >3(4  He) 

3.27  What  is  the  energy  expected  to  be  released  as  a  result  of  a  thermal  neutron-induced 
fission  in  239Pu  if  the  two  fission  fragments  have  masses  M1  =  142  u  and  M2  =  95  u? 

3.28  A  nuclear  reactor  has  been  at  full  power  for  some  time  when  it  is  suddenly  shut 
down.  Immediately  after  shutdown,  what  is  the  approximate  fraction  of  thermal 
power  of  the  core  (relative  to  full  power  during  operation)? 
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Energy  Loss  and 
Penetration  of  Radiation 

through  Matter 


4.1  INTRODUCTION 

This  chapter  discusses  the  mechanisms  by  which  ionizing  radiation  interacts  and  loses 
energy  as  it  moves  through  matter.  The  study  of  this  subject  is  extremely  important  for 
radiation  measurements  because  the  detection  of  radiation  is  based  on  its  interactions  and 
the  energy  deposited  in  the  material  of  which  the  detector  is  made.  Therefore,  to  be  able  to 
build  detectors  and  interpret  the  results  of  the  measurement,  we  need  to  know  how  radia¬ 
tion  interacts  and  what  the  consequences  are  of  the  various  interactions. 

The  topics  presented  here  should  be  considered  only  an  introduction  to  this  extensive 
subject.  Emphasis  is  given  to  that  material  considered  important  for  radiation  measure¬ 
ments.  The  range  of  energies  considered  is  shown  in  Table  1.1. 

For  the  discussion  that  follows,  ionizing  radiation  is  divided  into  three  groups: 

1.  Charged  particles:  electrons  (e~),  positrons  (e+),  protons  ( p ),  deuterons  id),  alphas 
(a),  heavy  ions  (A  >  4) 

2.  Photons:  gammas  (y)  or  x-rays 

3.  Neutrons  («) 

The  division  into  three  groups  is  convenient  because  each  group  has  its  own  character¬ 
istic  properties  and  can  be  studied  separately. 

Ill 
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A  charged  particle  moving  through  a  material  interacts,  primarily,  through  Coulomb 
forces,  with  the  negative  electrons  and  the  positive  nuclei  that  constitute  the  atoms  of 
that  material.  As  a  result  of  these  interactions,  the  charged  particle  loses  energy  con¬ 
tinuously  and  finally  stops  after  traversing  a  finite  distance,  called  the  range.  The  range 
depends  on  the  type  and  energy  of  the  particle  and  on  the  material  through  which  the 
particle  moves.  The  probability  of  a  charged  particle  going  through  a  piece  of  material 
without  an  interaction  is  zero.  This  fact  is  very  important  for  the  operation  of  charged- 
particle  detectors. 

Neutrons  and  gammas  have  no  charge.  They  interact  with  matter  in  ways  that  will  be 
discussed  below,  but  there  is  a  finite  nonzero  probability  that  a  neutron  or  a  y-ray  may  go 
through  any  thickness  of  any  material  without  having  an  interaction.  As  a  result,  no  finite 
range  can  be  defined  for  neutrons  or  gammas. 


4.2  MECHANISMS  OF  CHARGED-PARTICLE  ENERGY  LOSS 

Charged  particles  traveling  through  matter  lose  energy  in  the  following  ways: 

1.  In  Coulomb  interactions  with  electrons  and  nuclei 

2.  By  emission  of  electromagnetic  radiation  (bremsstrahlung) 

3.  In  nuclear  interactions 

4.  By  emission  of  Cerenkov  radiation 

For  charged  particles  with  kinetic  energies  considered  here,  nuclear  interactions  may 
be  ignored,  except  for  heavy  ions  ( A  >  4)  (see  Section  4.7). 

Cerenkov  radiation  constitutes  a  very  small  fraction  of  the  energy  loss.  It  is  impor¬ 
tant  only  because  it  has  a  particle  application  in  the  operation  of  Cerenkov  detectors 
(see  Evans,  1955  Chapter  3).  Cerenkov  radiation  is  a  visible  electromagnetic  radiation 
emitted  by  particles  traveling  in  a  medium,  with  speed  greater  than  the  speed  of  light  in 
that  medium. 


4.2.1  Coulomb  Interactions 

Consider  a  charged  particle  traveling  through  a  certain  material,  and  consider  an  atom  of 
that  material.  As  shown  in  Figure  4.1,  the  fast  charged  particle  may  interact  with  the  atomic 
electrons  or  the  nucleus  of  the  atom.  Since  the  radius  of  the  nucleus  is  approximately  10~14  m 
and  the  radius  of  the  atom  is  10-10  m,  one  might  expect  that 


FIGURE  4.1  A  fast  charged  particle  of  mass 
M  and  charge  ze  interacts  with  the  electrons  of 
an  atom. 


Number  of  interactions  with  electrons  (l?2)  atom  (1CT10)2  8 

Number  of  interactions  with  nuclei  (l?2)nucleus  (1CT14)2 

This  simplified  argument  indicates  that  collisions  with  atomic  elec¬ 
trons  are  more  numerous  than  with  nuclei.  Nuclear  collisions  will  not  be 
considered  here. 

Looking  at  Figure  4.1,  at  a  certain  point  in  time,  the  particle  is  at  point 
P  and  the  electron  at  E.  If  the  distance  between  them  is  r,  the  coulomb 
force  is  F=  k{ze2/r2),  where  ze  is  the  charge  of  the  particle  and  k  is  a  con¬ 
stant  that  depends  on  the  units.  The  action  of  this  force  on  the  electron, 
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over  a  period  of  time,  may  result  in  the  transfer  of  energy  from  the  moving  charged  particle 
to  the  bound  electron.  Since  a  bound  atomic  electron  is  in  a  quantized  state,  the  result  of 
the  passage  of  the  charged  particle  may  be  ionization  or  excitation. 

Ionization  occurs  when  the  electron  obtains  enough  energy  to  leave  the  atom  and 
become  a  free  particle  with  kinetic  energy  equal  to 

(I<E)e  =  (Energy  given  by  particle)  -  (Ionization  potential) 


The  electron  freed  from  the  atom  acts  like  any  other  moving  charged  particle.  It  may 
cause  ionization  of  another  atom  if  its  energy  is  high  enough.  It  will  interact  with  matter, 
lose  its  kinetic  energy,  and  finally  stop.  Fast  electrons  produced  by  ionizing  collisions  are 
called  8  rays. 

The  ionization  leaves  behind  a  positive  ion,  which  is  a  massive  particle  compared  to  an 
electron.  If  an  ion  and  an  electron  move  in  a  gas,  the  ion  will  move  much  slower  than  the 
electron.  Eventually,  the  ion  will  pick  up  an  electron  from  somewhere  and  will  become  a 
neutral  atom  again. 

Excitation  takes  place  when  the  electron  acquires  enough  energy  to  move  to  an  empty 
state  in  another  orbit  of  higher  energy.  The  electron  is  still  bound,  but  it  has  moved  from 
a  state  with  energy  E1  to  one  with  E2,  thus  producing  an  excited  atom.  In  a  short  period  of 
time,  of  the  order  of  10-8-lCh10  s,  the  electron  will  move  to  a  lower  energy  state,  provided 
there  is  one  empty.  If  the  electron  falls  from  E2  to  Ev  the  energy  E2  -  E1  is  emitted  in  the 
form  of  an  x-ray  with  frequency  v  =  (E2  -  E^)lh. 

Collisions  that  result  in  ionization  or  excitation  are  called  inelastic  collisions.  A  charged 
particle  moving  through  matter  may  also  have  elastic  collisions  with  nuclei  or  atomic  elec¬ 
trons.  In  such  a  case,  the  incident  particle  loses  the  energy  required  for  conservation  of 
kinetic  energy  and  linear  momentum.  Elastic  collisions  are  not  important  for  charged-par¬ 
ticle  energy  loss  and  detection. 


4.2.2  Emission  of  Electromagnetic  Radiation  (Bremsstrahlung) 

Every  free  charged  particle  that  accelerates  or  decelerates  loses  part  of  its  kinetic  energy 
by  emitting  electromagnetic  radiation.  This  radiation  is  called  bremsstrahlung,  which  in 
German  means  braking  radiation.  Bremsstrahlung  is  not  a  monoenergetic  radiation.  It  con¬ 
sists  of  photons  with  energies  from  zero  up  to  a  maximum  equal  to  the  kinetic  energy  of  the 
moving  charged  particle. 

Emission  of  bremsstrahlung  is  predicted  not  only  by  quantum  mechanics  but  also 
by  classical  physics.  Theory  predicts  that  a  charge  that  is  accelerated  radiates  energy  with 
intensity  proportional  to  the  square  of  its  acceleration.  Consider  a  charged  particle  with 
charge  ze  and  mass  M  moving  in  a  certain  material  of  atomic  number  Z.  The  Coulomb  force 
between  the  particle  and  a  nucleus  of  the  material  is  F  ~  zeZe/r 2,  where  r  =  distance  between 
the  two  charges.  The  acceleration  of  the  incident  charged  particle  is  a  =  F/M  ~  zZe2/M. 
Therefore,  the  intensity  of  the  emitted  radiation  I  is 


/  °c  a1 


'  zZe1^ 

l  M 


(4.1) 
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This  expression  indicates  that 

1.  For  two  particles  traveling  in  the  same  medium,  the  lighter  particle  will  emit  a 
much  greater  amount  of  bremsstrahlung  than  the  heavier  particle  (other  things 
being  equal). 

2.  More  bremsstrahlung  is  emitted  if  a  particle  travels  in  a  medium  with  high  atomic 
number  Z  than  in  one  with  low  atomic  number. 

For  charged  particles  with  energies  considered  here,  the  kinetic  energy  lost  as  brems¬ 
strahlung  might  be  important  for  electrons  only.  Even  for  electrons,  it  is  important  for 
high-Z  materials  like  lead  (Z  =  82).  For  more  detailed  treatment  of  the  emission  of  brems¬ 
strahlung,  the  reader  should  consult  the  references  listed  at  the  end  of  the  chapter. 

4.3  STOPPING  POWER  DUE  TO  IONIZATION 
AND  EXCITATION 

A  charged  particle  moving  through  a  material  exerts  Coulomb  forces  on  many  atoms 
simultaneously.  Every  atom  has  many  electrons  with  different  ionization  and  excitation 
potentials.  As  a  result  of  this,  the  moving  charged  particle  interacts  with  a  tremendous 
number  of  electrons — millions.  Each  interaction  has  its  own  probability  for  occurrence  and 
for  a  certain  energy  loss.  It  is  impossible  to  calculate  the  energy  loss  by  studying  individual 
collisions.  Instead,  an  average  energy  loss  is  calculated  per  unit  distance  traveled.  The  cal¬ 
culation  is  slightly  different  for  electrons  or  positrons  than  for  heavier  charged  particles  like 
p,  d,  and  a,  for  the  following  reason. 

It  was  mentioned  earlier  that  most  of  the  interactions  of  a  charged  particle  involve  the 
particle  and  atomic  electrons.  If  the  mass  of  the  electron  is  taken  as  1,  then  the  masses  of 
the  other  common  heavy*  charged  particles  are  the  following: 

Electron  mass  =  1 
Proton  mass  ~  1840 
Deuteron  mass  =  2(1840) 

Alpha  mass  ~  4(1840) 

If  the  incoming  charged  particle  is  an  electron  or  a  positron,  it  may  collide  with  an 

atomic  electron  and  lose  all  its  energy  in  a  single  collision  because  the  collision  involves  two 

particles  of  the  same  mass.  Hence,  incident  electrons  or  positrons  may  lose  a  large  fraction 

of  their  kinetic  energy  in  one  collision.  They  may  also  be  easily  scattered  to  large  angles, 

as  a  result  of  which  their  trajectory  is  zig-zag  (Figure  4.2).  Heavy  charged  particles,  on  the 

other  hand,  behave  differently.  On  the  average,  they  lose  smaller 

amounts  of  energy  per  collision.  They  are  hardly  deflected  by 
Jtiectron  or  positron  0/  r  ‘  ‘  ‘ 

trajectory  atomic  electrons,  and  their  trajectory  is  almost  a  straight  line. 

Heavy  particle  trajectory  Assuming  that  all  the  atoms  and  their  atomic  electrons  act 

independently,  and  considering  only  energy  lost  to  excitation  and 
FIGURE  4.2  Possible  electron  and  heavy  particle  ionization,  the  average  energy  loss+  per  unit  distance  traveled  by 

trajectories. 


In  this  discussion,  “heavy”  particles  are  all  charged  particles  except  electrons  and  positrons. 

+  Since  E=T  +  Mc2  and  Me2  =  constant,  dE/dx  =  dTIdx;  thus,  Equations  4.2  through  4.4  express  the  kinetic  as 
well  as  the  total  energy  loss  per  unit  distance. 
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the  particle  is  given  by  Equations  4.2  through  4.4.  (For  their  derivation,  see  the  chapter 
bibliography:  Evans,  1955;  Segre,  1968;  and  Roy  and  Reed,  1968.) 

Stopping  power  due  to  ionization- excitation  forp,  d,  t,  a 


(4.2) 


Stopping  power  due  to  ionization- excitation  for  electrons 


(4.3) 


Stopping  power  due  to  ionization- excitation  for  positrons 


where  r0  =  e2/mc2  =  2.818  x  ICE15  m  =  classical  electron  radius 


me 2  = 


rest  mass  energy  of  the  electron  =  0.511  MeV 


y  =  (T  +  Me2)/ Me2  =  l/^/l  -  |3 


where 

T  =  kinetic  energy  =  (y  —  l)Mc2 
M  =  rest  mass  of  the  particle 

(3  =  v/c,  c  =  speed  of  light  in  vacuum  =  2.997930  x  108  m/s  =  3  x  108  m/s 
N  =  number  of  atoms/m3  in  the  material  through  which  the  particle  moves 
N  =  p(NA/A),  Na  =  Avogadro’s  number  =  6.022  x  1023  atoms/mol,  A  =  atomic  weight 
Z  =  atomic  number  of  the  material 

z  =  charge  of  the  incident  particle  (z  =  1  for  e~,  e+,  p,d;z  =  2  for  a) 

I  =  mean  excitation  potential  of  the  material 


In  SI  units,  the  result  would  be  J/m;  1  MeV  =  1.602  x  10-13  J. 
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An  approximate  equation  for  I,  which  gives  good  results  for  Z  >  12, 1  is 
/(eV)  =  (9.76  +  58.8 Z‘L19)Z  (4.5) 

Table  4.1  gives  values  of  I  for  many  common  elements. 

Many  different  names  have  been  used  for  the  quantity  dE/dx:  names  like 
energy  loss,  specific  energy  loss,  differential  energy  loss,  or  stopping  power. 

In  this  text,  the  term  stopping  power  will  be  used  for  dE/dx  given  by 
Equations  4.2  through  4.4,  as  well  as  for  a  similar  equation  for  heavier 
charged  particles  presented  in  Section  4.7.2. 

It  should  be  noted  that  the  stopping  power 

1.  Is  independent  of  the  mass  of  the  particle 

2.  Is  proportional  to  z2  [(charge)2]  of  particle 

3.  Depends  on  the  speed  o  of  particle  ((3  =  vie) 

4.  Is  proportional  to  the  density  of  the  material  (N) 

For  low  kinetic  energies,  dE/dx  is  almost  proportional  to  1  A)2.  For  rela¬ 
tivistic  energies,  the  term  in  brackets  predominates  and  dE/dx  increases 
with  kinetic  energy.  Figure  4.3  shows  the  general  behavior  of  dE/dx  as  a  function  of  the 
kinetic  energy  of  the  moving  particle.  For  all  particles,  dE/dx  exhibits  a  minimum  that  occurs 
approximately  at  y~  3.  For  electrons,  y=  3  corresponds  to  T=  1  MeV;  for  alphas,  y  =  3  cor¬ 
responds  to  T  ~  7512  MeV;  for  protons,  y=  3  corresponds  to  T=  1876  MeV.  Therefore,  for 
the  energies  considered  here  (see  Table  1.1),  the  dE/dx  for  protons  and  alphas  will  always 
increase,  as  the  kinetic  energy  of  the  particle  decreases  (Figure  4.3,  always  on  the  left  of  the 

curve  minimum);  for  electrons,  depending  on  the  initial 
kinetic  energy,  dE/dx  may  increase  or  decrease  as  the  elec¬ 
tron  slows  down. 

Equations  4.3  and  4.4,  giving  the  stopping  power  for 
electrons  and  positrons,  respectively,  are  essentially  the 
same.  Their  difference  is  due  to  the  second  term  in  the 
bracket,  which  is  always  much  smaller  than  the  logarith¬ 
mic  term.  For  an  electron  and  positron  with  the  same 
kinetic  energy,  Equations  4.3  and  4.4  provide  results  that 
are  different  by  about  10%  or  less.  For  low  kinetic  ener¬ 
gies,  dEldx  for  positrons  is  larger  than  that  for  electrons; 
loss  is  the  same;  for  higher  kinetic  energies,  dE/dx  for  posi¬ 
tron  is  less  than  that  for  electrons. 

As  stated  earlier,  Equations  4.2  through  4.4  disregard  the  effect  of  forces  between  atoms 
and  atomic  electrons  of  the  attenuating  medium.  A  correction  for  this  density  effect 6,7  has 
been  made,  but  it  is  small  and  it  will  be  ignored  here.  The  density  effect  reduces  the  stopping 
power  slightly. 

Equations  4.2  through  4.4  are  not  valid  for  very  low  energies.  In  the  case  of  Equation 
4.2,  a  nuclear  shell  correction  is  applied  (see  Ziegler  et  al),  which  appears  in  the  brackets 
as  a  negative  term  and  becomes  important  at  low  energies  (T  <  100  keV).  Even  without  this 
correction,  the  value  in  brackets  takes  a  negative  value  when  (2  mc2(32y2)//  <  1.  The  value  of 
this  term  depends  on  the  medium  because  of  the  presence  of  the  ionization  potential  I.  As 
an  example,  for  oxygen  (/=  89  eV),  this  term  becomes  less  than  1  for  T  <  40  keV. 


(y—  1)  =  T/Mc 2 


FIGURE  4.3  Change  of  stopping  power  with  the  kinetic 
energy  of  the  particle. 


at  about  2000  keV,  the  energy 


TABLE  4.1 

Values  of  Mean  Excitation  Potentials 
for  Common  Elements  and 
Compounds3 


Element 

/(eV) 

Element 

#(eV) 

H 

20.4 

Fe 

281* 

He 

38.5 

Ni 

303* 

Li 

57.2 

Cu 

321* 

Be 

65.2 

Ge 

280.6 

B 

70.3 

Zr 

380.9 

C 

73.8 

1 

491 

N 

97.8 

Cs 

488 

O 

115.7 

Ag 

469* 

Na 

149 

Au 

771* 

Al 

160* 

Pb 

818.8 

Si 

174.5 

U 

839* 

a  Values  of  /  with*  are  from  experimental  results  of 
References  2  and  3.  Others  are  from  References  4 
and  5. 
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For  electrons  of  very  low  kinetic  energy,  Equation  4.3  takes  the  form  (see  Roy  and 
Reed,  1968) 


dE 

dx 


47tr02^p-A/Zln 


mcY 

I 


2.7182 


|P«1 


(4.5a) 


Again  for  oxygen,  the  argument  of  the  logarithm  becomes  less  than  1  for  electron 
kinetic  energy  T  <  76  eV.  For  positrons,  the  low-energy  limit  of  the  validity  of  Equation  4.4 
is  equal  to  the  positron  energy  for  which  the  quantity  inside  the  big  bracket  (three  terms)  is 
less  than  zero.  That  energy  is  T  <  100  eV. 

Tables  of  dE/dx  values  are  usually  given  in  units  of  MeV/(g/cm2)  [or  in  SI  units  of 
J/(kg/m2)].  The  advantage  of  giving  the  stopping  power  in  these  units  is  the  elimination  of 
the  need  to  define  the  density  of  the  stopping  medium  that  is  necessary,  particularly  for 
gases.  The  following  simple  equation  gives  the  relationship  between  the  two  types  of  units: 


p(g^7)£  (MeV'Cm)  =  f  [MeV/(g/cm’)] 


(4.6) 


r 


EXAMPLE  4.1 

What  is  the  stopping  power  for  a  5-MeV  alpha  particle  moving  in  silicon? 

Answer 

For  silicon,  A  =  28,  Z=  14,  p  =  2.33  kg/m3, 


_  5  +  4(931.5)  _ 
”  4(931.5)  “ 


1.00134  (32  =  1  - 


=  0.00268 


dE  =1Q-28  x  22  °-511  2.33  x  1 03  °~6022  x  1  °2 


dx 


0.00268 


x  14 


28  x  10" 
\2 


,  2(0.511  (0.00268)(l. 001 34) 

In— - A 4 -  0.00268 

1  72  x  1 0“6 


=  1.48  x  105  MeV/m  =  2.37  x  10“8J/m  =  0.148MeV/pm 


Or,  in  terms  of  MeV/(g/cm2), 


—  =  1.48  x  105  MeV/m  =  1480  MeV/cm/(2.33  g/cm!) 
dx 

=  635.2  MeV/(g/cm2) 


J 
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r 


EXAMPLE  4.2 

What  is  the  stopping  power  for  a  5-MeV  electron  moving  in  silicon? 

Answer 

For  an  electron, 


Y  = 


5  +  0.511 
0.511 
cJE 
dx 


=  10.785  (3  =  =  0.9957  p2  =  0.9914 

=  i q~28  33  x  IQ3  °-6022  x  ^24 

0.9914  28  x  1 0”3 


x  14 


1 


0.9957(10.785)^9.785(0.51  1) 

1  72  x  1 0-6  2  x  1 0.7852 

Q  7QE2  ,  v 

-  +  1  -  (l  0.7852  +  2  x  1 0.7  8  5  —  l) I n  2 
=  403.5  MeV/m  =  4.035  MeV/cm  =  6.46  x  10“"  J/m 


In  Example  4.2,  the  stopping  power  for  the  5-MeV  electron  is,  in  terms  of  MeV/(g/cm2), 


4.035  MeV/cm 
2.33  g/cmJ 


1 .73  MeV/(g/cm2) 


J 


Note  the  huge  difference  in  the  value  of  stopping  power  for  an  alpha  particle  versus  an 
electron  of  the  same  kinetic  energy  traversing  the  same  material. 

4.4  ENERGY  LOSS  DUE  TO  BREMSSTRAHLUNG  EMISSION 

The  calculation  of  energy  loss  due  to  emission  of  bremsstrahlung  is  more  involved  than  the 
calculation  of  energy  loss  due  to  ionization  and  excitation.  Here,  an  approximate  equation 
will  be  given  for  electrons  or  positrons  only,  because  it  is  for  these  particles  that  energy  loss 
due  to  emission  of  radiation  may  be  important  for  the  energies  considered  here. 

For  electrons  or  positrons  with  kinetic  energy  T  (MeV)  moving  in  a  material  with 
atomic  number  Z,  the  energy  loss  due  to  bremsstrahlung  emission,  (dE/dx)tii,  is  given  in 
terms  of  the  ionization  and  excitation  energy  loss  by  Equation  4.7  (see  Evans,  1955). 

(&)  =  ZT(MeV)UE\ 

750  v<&Jion 

where  (dE/dx)ion  is  the  stopping  power  due  to  ionization-excitation  (Equation  4.3  or  4.4). 


/ - \ 

EXAMPLE  4.3 

Consider  an  electron  with  7=5  MeV.  What  fraction  of  its  energy  is  lost  as  bremsstrah¬ 
lung  as  it  starts  moving  (a)  in  aluminum  and  (b)  in  lead? 
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Answer 

a.  If  it  travels  in  aluminum  (Z  =  13), 


)  13(5)/ 

'*)  =  0.09( 

[dx. 

L  750  1 

.  d><  Aon  \ 

,  dx  J. 

That  is,  the  rate  of  energy  loss  due  to  radiation  is  about  9%  of  (dE/dx)mn. 
b.  For  the  same  electron  moving  in  lead  (Z  =  82), 


82(5)  (dE^ 
750  [dx X 


In  this  case,  the  rate  of  radiation  energy  loss  is  55%  of  ( dE/dx)mn . 


J 


Equation  4.7,  relating  radiation  to  ionization  energy  loss,  is  a  function  of  the  kinetic  energy 
of  the  particle.  As  the  particle  slows  down,  T  decreases  and  (dE/dx)mi  also  decreases.  The  total 
energy  radiated  as  bremsstrahlung  is  approximately  equal,  in  MeV,  to* 

rrad  =  4.0  x  lO^ZT2  (4.8) 


( - \ 

EXAMPLE  4.4 

What  is  the  total  energy  radiated  by  the  electron  of  Example  4.3? 

Answer 

Using  Equation  4.8, 

a.  In  aluminum:  7rad  =  (4.0  x  10_4)(13)52  =  0.130  MeV 

b.  In  lead:  7rad  =  (4.0  x  10“4)(82)52  =  0.82  0  MeV 

V _ ) 


The  total  stopping  power  for  electrons  or  positrons  is  given  by  the  sum  of  Equations 
4.3  or  4.4  and  4.7: 


(dE\  (dE\  { dE\  f  ZT\(dE\ 

l^Jion+l^iad  V  +  75oAfikJlon  4,9 

If  the  particle  moves  in  a  compound  or  a  mixture,  instead  of  a  pure  element,  an  effec¬ 
tive  atomic  number  Zef  should  be  used  in  Equations  4.7  and  4.8.  The  value  of  Zef  is  given  by 
Equation  4.10. 


The  coefficient  4.0  x  10-4  used  in  Equation  4.8  is  not  universally  accepted  (see  Evans,  1955). 
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Zef 


y'  MA)zf 

yL  ( Wit  a )zt 


(4.10) 


where 

L  =  number  of  elements  in  the  compound  or  mixture 
Wt=  weight  fraction  of  the  zth  element 
Ai  =  atomic  weight  of  the  zth  element 
Z,.  =  atomic  number  of  the  zth  element 

For  a  compound  with  molecular  weight  M,  the  weight  fraction  is  given  by 


wt  = 


(4.11) 


where  Nt  is  the  number  of  atoms  of  the  zth  element  in  the  compound. 


4.5  CALCULATION  OF  dE/dx  FOR  A  COMPOUND 
OR  MIXTURE 

Equations  4.2  through  4.4  give  the  result  of  the  stopping  power  calculation  if  the  particle 
moves  in  a  pure  element.  If  the  particle  travels  in  a  compound  or  a  mixture  of  several  ele¬ 
ments,  the  stopping  power  is  given  by 


'  1  dE^\  ^  1  ( dE\ 

^  P  dx  J  compou„d 


(4.12) 


where 

p  =  density  of  compound  or  mixture 
p,  =  density  of  the  zth  element 

llpi{dE/dx)i  =  stopping  power  in  MeV/(kg/m2)  for  the  zth  element,  as  calculated  using 
Equations  4.2  through  4.4  and  4.6. 


( - \ 

EXAMPLE  4.5 

What  is  the  stopping  power  due  to  ionization-excitation  for  a  10-MeV  electron  moving 
in  air?  Assume  that  air  consists  of  21%  oxygen  and  79%  nitrogen. 
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Answer 

Equation  4.12  will  be  used,  but  first  dE/dx  will  have  to  be  calculated  for  the  two  pure 
gases.  Using  Equation  4.3, 


Y 

P 


T  +  me 2 
me2 


10  +  0.511 
0.511 


20.569 


=  0.9988  P2  =  0.9976 


For  oxygen, 


if"]  =io- 

p  ydxj0 


0.511  1  0.6022  x  102 


■(8) 


In 


0.9976  J  1 6  x  1  0”3 
0.9988(20.569)  Vi  9.569(0.511) 


19.5692 

8 


1 1  5.7  x  1 0”6  2(20. 569)2 

+  1  -  [(20.569)2  +  2(20.569)  -  l]ln2 
=  3.10x1 0“'4  J/(kg/m2)  =  1 .94  MeV/(g/cm2) 

For  nitrogen, 

l(dE)  _  28f  0.511  ^  0.6022  XIO24 

p  {dx)N  {0.9976  J  14x1  0”3 

0.9988(20.569)Vl  9.569(0.51 1)  1 


=  0.1  94  MeV/(kg/m2) 


97.8  x  10" 


2(20.569) 


1  9.569 
8 


■  1  -  [(20.569)2  +  2(20.569)  -  l]ln2 


=  0.194  MeV/(kg/m2) 


=  3.14x10  14  J/(kg/m2)  =  1 .94  MeV/(g/cm2) 


For  air, 


^df 

p  dx 


=  0.21 


2W 

p  dx 


0.79 


2  df 

p  dx 


=  [0.21(3.10  x  10“14)  +  0.79(3.10  x  1  0"14)] J/(kg/m2) 
=  3.14  x  1 0”14  J/(kg/m2)  =  1 .96  MeV/(g/cm2) 


3.1 4  x  1 0"1 4  J/(kg/m2)(1 .29  kg/m3)* 
4.05  x  1 0“14  J/m  =  0.253  MeV/m 


The  density  of  air  at  sea  level  is  1.29  x  10-3  g/cm3  at  0°C;  it  is  1.225  x  10-3  g/cm3  at  15°C.  In  this 
book,  we  use  the  value  1.29  X  10-3  g/cm3  (also  used  in  the  derivation  of  Equation  4.17). 


j 
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4.6  RANGE  OF  CHARGED  PARTICLES 

A  charged  particle  moving  through  a  certain  material  loses  its  kinetic  energy  through  inter¬ 
actions  with  the  electrons  and  nuclei  of  the  material.  Eventually,  the  particle  will  stop,  pick 
up  the  necessary  number  of  electrons  from  the  surrounding  matter,  and  become  neutral. 
For  example, 


p+  +  e  — >  hydrogen  atom 
a2+  +  2e~  — >  He  atom 


FIGURE  4.4  Pathlength  (S)  and  range  (/?).  The  end  points  of 
the  pathlengths  are  distributed  around  an  average  thickness 
that  is  the  range. 


The  total  distance  traveled  by  the  particle  is  called  the 
pathlength.  The  pathlength  S,  shown  in  Figure  4.4,  is  equal 
to  the  sum  of  all  the  partial  pathlengths  St.  The  thickness 
of  material  that  just  stops  a  particle  of  kinetic  energy  T, 
mass  M,  and  charge  z  is  called  the  range  R  of  the  particle  in 
that  material.  It  is  obvious  that  R  <S.  For  electrons,  which 
have  a  zig-zag  path,  R  <  S.  For  heavy  charged  particles, 
which  are  very  slightly  deflected,  R  ~  S. 

Range  is  distance,  and  its  basic  dimension  is  length  (m). 
In  addition  to  meters,  another  common  unit  used  for  range 
is  kg/m2  (or  g/cm2).  The  relationship  between  the  two  is 


R  (kg/m2)  =  [R{m)]  [p(kg/m3)] 


(4.13) 


where  p  is  the  density  of  the  material  in  which  the  particle  travels.  The  range  measured  in 
kg/m2  is  independent  of  the  state  of  matter.  That  is,  a  particle  will  have  the  same  range  in 
kg/m2  whether  it  moves  in  ice,  water,  or  steam.  Of  course,  the  range  measured  in  meters 
will  be  different. 

The  range  is  an  average  quantity.  Particles  of  the  same  type  with  the  same  kinetic 
energy  moving  in  the  same  medium  will  not  stop  after  traveling  exactly  the  same  thick¬ 
ness  R.  Their  pathlength  will  not  be  the  same  either.  What  actually  happens  is  that  the  end 
points  of  the  pathlengths  will  be  distributed  around  an  average  thickness  called  the  range. 
To  make  this  point  more  clear,  two  cases  will  be  discussed  dealing  with  transmission  of 
charged  particles:  one  dealing  with  heavy  particles  and  the  other  with  electrons-positrons. 
There  are  some  minor  differences  for  range  equations  between  electrons  and  positrons. 
But  no  different  equations  are  presented  here  because  we  deal  mostly  with  electrons  and 
not  positrons  and  the  differences  are  small  enough  to  be  unimportant  for  the  applications 
considered  here. 

4.6.1  Range  of  Heavy  Charged  Particles 
(p,  d,  t,  a;  1  <  A  <  4) 

Consider  a  parallel  beam  of  heavy  charged  particles  all  having  the  same 
energy  and  impinging  upon  a  certain  material  (Figure  4.5).  The  thick¬ 
ness  of  the  material  may  be  changed  at  will.  On  the  other  side  of  the 
material,  a  detector  records  the  particles  that  traverse  it.  It  is  assumed 
that  the  particle  direction  does  not  change  and  that  the  detector  will 


Incident 

beam 


Detector 


Stopping 

material 


FIGURE  4.5  Particle  transmission  experiment. 
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record  all  particles  that  go  through  the  material,  no  matter  how  low  their  energy  is.  The  num¬ 
ber  of  particles  N{t)  traversing  the  thickness  t  changes,  as  shown  in  Figure  4.6. 

In  the  beginning,  N{t)  stays  constant,  even  though  t  changes.  Beyond  a  certain  thick¬ 
ness,  Nit)  starts  decreasing  fast  and  eventually  goes  to  zero.  The  thickness  for  which  N(t) 
drops  to  half  its  initial  value  is  called  the  mean  range  R.  The  thickness  for  which  N{t)  is 
practically  zero  is  called  the  extrapolated  range  Re.  The  difference  between  R  and  Re  is  about 
5%  or  less.  Unless  otherwise  specified,  when  range  is  used,  it  is  the  mean  range  R. 

Empirical  formulas  have  been  developed  that  give  the  range  as  a  function  of  particle 
kinetic  energy.  For  alpha  particles,  the  range  in  air  at  normal  temperature  and  pressure  is 
given  by 

R{ mm,  air)  =  exp[l.61>/r(MeV)],  1  <  T  <  4  MeV 

R{ mm,  air)  =  [0.05T  (MeV)  +  2.85]T  (MeV)2/3,  4  <  T  <  1 


where  T  =  kinetic  energy  of  the  particle  in  MeV.  Figure  4.7  gives  the  range  of  alphas  in  silicon. 

If  the  range  is  known  for  one  material,  it  can  be  determined  for  any  other  by  applying 
the  Bragg-Kleeman  rule*: 


Rg  _  pg  I  Tii 
R2  Pi  \  A2 


(4.15) 


where  p,  and  Ai  are  the  density  and  atomic  weight,  respectively,  of  material  i.  For  a  com¬ 
pound  or  mixture,  an  effective  molecular  weight  is  used,  obtained  from  the  equation 


(  l 


I 


Wj 


V  i-I 


(4.16) 


where  the  quantities  wp  At,  and  L  have  the  same  meaning  as  in  Equation  4.10. 


FIGURE  4.7  Range-energy  curve  for  alpha  particles  in  silicon.  (From  Williamson,  C.  F.,  Baujot,  J. 
P„  and  Picard,  1,  CEA-R-3042;1966.) 


The  Bragg— Kleeman  rule  does  not  hold  for  electron  or  positron  ranges. 


R  Ret 


FIGURE  4.6  The  num¬ 
ber  of  heavy  charged 
particles  (a,  p,  d,  t)  trans¬ 
mitted  through  thickness  f. 
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r 


EXAMPLE  4.6 

What  is  the  effective  molecular  weight  for  water?  What  is  it  for  air? 

Answer 

For  H20  (11%  H,  89%  O), 


\[aH  - 


0.11  0.89  Y 

VT  +  VT6  J 


=  3 


A*  =  9 


For  air  (22.9%  O,  74.5%  N,  2.6%  Ar), 


rr-  [  0.229  0.745 

^"br+w 


0.026  V1 

V40  J 


3.84  Aef 


14.74 


J 


Using  the  Bragg-Kleeman  rule  (Equation  4.15),  with  air  as  one  of  the  materials  at  nor¬ 
mal  temperature  and  pressure  (p  =  1.29  kg/m3,  =  3.84),  one  obtains 

D(mm)  =  0.336 — ~^ef  i?air(mm)  (4.17) 

p(kg/m3) 

The  Bragg-Kleeman  rule  (Equation  4.15  or  4.17)  is  used  for  the  calculation  of  the  range 
of  heavy  charged  particles;  it  should  not  be  used  to  obtain  the  range  of  electrons  or  positrons. 

There  are  two  ways  to  obtain  the  range  of  alphas  in  a  material  other  than  air  and  silicon: 

1.  The  range  in  air  should  be  obtained  first,  using  Equation  4.14,  and  then  the  range  in 
the  material  of  interest  should  be  calculated  using  Equation  4.17. 

2.  The  range  in  silicon  could  be  read  from  Figure  4.7,  and  then  the  range  in  the  material 
of  interest  should  be  calculated  using  Equation  4.15. 

Method  1  gives  more  accurate  results  because  method  2  depends  on  reading  the  value 
of  range  from  a  log-log  graph. 


( - \ 

EXAMPLE  4.7 

What  is  the  range  of  a  3-MeV  alpha  particle  in  gold? 

Answer 

The  range  of  this  alpha  particle  in  silicon  is  (Figure  4.7)  R  =  12.5  |im  =  12.5  x  10~6  m. 
Using  Equation  4.15,  the  range  in  gold  is 

RAu  =  (12.5  x  10~6)  2,33  XW3  =  10"6m  =  4  pm 
1 9.32  x  1 03  V  28 
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Or,  using  Equations  4.14  and  4.17, 


=  0.336 


Vf9 7 


exp(l  ,6lV3  j  =  3.97  x  1 0  3  mm  =  3.97  |tm 


19.32  x  103 


V 


J 


r 


EXAMPLE  4.8 


What  is  the  range  of  a  10-MeV  alpha  particle  in  aluminum? 

Answer 

From  Figure  4.7,  the  range  in  silicon  is  R  =  7 2  pm  =  7.2  x  10-5  m.  Using  Equation  4.15, 
the  range  in  aluminum  is 


Or,  using  Equations  4.14  and  4.17, 


The  difference  of  8  pm  is  within  the  range  of  accuracy  of  the  Bragg-Kleeman  rule 
and  the  ability  to  read  a  log-log  graph. 


J 


The  range  of  protons  in  aluminum  has  been  measured  by  Bichsel.9  His  results  are  rep¬ 
resented  very  well  by  the  following  two  equations: 


/?(pm)  =  14.217-1'5874,  IMeV  <  T  <  2.7  Me V 


(4.18) 


.R(pm)  =  10.5 


2.7  MeV  <  T  <  20  MeV 


(4.19) 


0.68  +  0.434  In  T’ 


For  other  materials,  Equation  4.15  should  be  used  after  the  range  in  aluminum  is  deter¬ 
mined  from  Equations  4.18  and  4.19.  A  very  comprehensive  paper  dealing  with  proton  stop¬ 
ping  power,  as  well  as  range,  for  many  materials  is  that  of  Janni.4 

The  range  of  protons  and  deuterons  can  be  calculated  from  the  range  of  an  alpha  par¬ 
ticle  of  the  same  speed  using  the  formula 


R{p,d)  [mm,  air]  =  4 air)  -  2 


(4.20) 
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where 

Ra  =  range  in  air  of  an  alpha  particle  having  the  same  speed  as  the  deuteron  or  the 
proton 

M  =  mass  of  the  particle  (1  for  proton,  2  for  deuteron) 

Ma  =  mass  of  alpha  particle  =  4 


For  materials  other  than  air,  the  Bragg-Kleeman  rule  (Equation  4.17)  should  be  used. 
The  fact  that  the  alpha  and  proton  or  deuteron  ranges  are  related  by  the  same  speed 
rather  than  the  same  kinetic  energy  is  due  to  the  dependence  of  dE/dx  on  the  speed  of  the 
particle. 


( - \ 

EXAMPLE  4.9 

What  is  the  range  of  the  5-MeV  deuteron  in  air? 

Answer 

Equation  4.20  will  be  used,  but  first  the  range  of  an  alpha  particle  with  speed  equal  to 
that  of  a  5-MeV  deuteron  will  have  to  be  calculated.  The  kinetic  energy  of  an  alpha 
particle  with  the  same  speed  as  that  of  the  deuteron  will  be  found  using  the  corre¬ 
sponding  equations  for  the  kinetic  energy.  Since  T  =  (M2)MV2  for  these  nonrelativistic 
particles 

Ta  =  -py-Td  =  2Td  =  1 0  MeV 
Md 

The  range  of  a  10-MeV  alpha  particle  (in  air)  is  (Equation  4.14) 

Ra  =  (0.05T  +  2.85 )TV1  =  1 06  mm  =  0.1 06  m 

The  range  of  the  5-MeV  deuteron  (in  air)  is  then  (Equation  4.20) 

Rd  =  2Ra  -2  =  210mm  =  0.21m 

S. _ > 


( - \ 

EXAMPLE  4.10 

What  is  the  range  of  a  5-MeV  deuteron  in  aluminum? 

Answer 

Using  the  Bragg-Kleeman  rule  (Equation  4.17)  and  the  result  of  the  previous  example, 

f77 

Rd(AI)  =  0.336 - =-210  mm  =  0.136  mm  =  136  urn 

2.7  x10  s 

s _ > 
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4.6.2  Range  of  Electrons  and  Positrons 

Electrons  and  positrons  behave  in  essentially  the  same  way  with  regard  to  energy  loss, 
slowing  down,  and  penetration  through  matter.  Small  differences  exist;  one  was  indicated 
when  dE/dx  was  discussed  in  Section  4.3.  Small  differences  in  the  values  of  the  range 
between  electrons  and  positrons  should  also  be  expected,  and  indeed  this  is  the  case. 
Most  of  the  range  measurements  have  been  performed  with  electrons  because  electrons 
are  used  much  more  frequently  than  positrons  in  radiation  measurements.  For  this  reason, 
from  this  point  on,  only  electrons  will  be  discussed.  The  reader  should  be  aware  that  the 
results  are  equally  applicable  for  positrons,  to  a  first  approximation,  but  for  very  accurate 
results,  the  references  listed  at  the  end  of  this  chapter  should 
be  consulted. 

If  the  experiment  shown  in  Figure  4.5  and  discussed  in 
Section  4.6.1  is  repeated  with  the  incident  beam  consisting 
of  monoenergetic  electrons,  the  result  will  look  as  shown  in 
Figure  4.8.  For  electrons,  the  transmission  curve  does  not  have 
a  flat  part.  It  decreases  gradually  to  a  level  which  is  the  back¬ 
ground.  The  range*  is  equal  to  the  thickness  of  the  material, 
which  is  defined  by  the  point  where  the  linear  extrapolation  of 
the  transmission  curve  meets  the  background. 

An  empirical  equation  giving  the  range  of  electrons  for  the 
energy  range  0.3  keV  to  30  MeV  has  been  developed  by  Tabata, 

Ito,  and  Okabe10  based  on  the  experimental  results  available 
until  1972.  This  equation,  indicated  from  now  on  as  the  TIO 
equation,  has  the  following  form: 


FIGURE  4.8  The  number  of  electrons  transmit¬ 
ted  through  thickness  f.  Experiment  setup  shown  in 
Figure  4.5. 


.R(kg/m2)  =  flj 


'  ln[l  +  a2( Y  ~  1)] 

.  G-2 


g3(y  - 1) 

i  +  «4(  y  -  vr 


(4.21) 


where 


2  335  A 

«i  -  '  m  a3  =  0.9891  -  3.01  xlO“4Z 

a2  =  1.78  x  10”4  Z  at=  1.468  -  1.180  x  1(T2  Z 

_  1.232 

—  £0.109 


(4.22) 


A,  Z,  and  y  have  been  defined  in  Section  4.3. 

Figures  4.9  and  4.10  show  results  based  on  Equation  4.21,  as  well  as  experimental  data. 
Note  that  the  range  in  units  of  g/cm2,  as  a  function  of  energy,  is,  essentially,  the  same  for 
such  disparate  materials  as  A1  and  Cu  or  Ag  and  Au.  This  information  may  be  used  to 
obtain  an  approximate  value  for  the  range  of  any  material. 


In  many  texts,  this  is  called  the  “extrapolated”  range.  Since  only  one  type  of  range  is  used,  there  is  no  need  to 
carry  along  the  word  “extrapolated.” 
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10”1  1  10  102 


FIGURE  4.9  The  range  of  electrons  as  a  function  of  their  kinetic  energy  as  obtained  by  using 
Equation  4.21.  The  solid  circles  are  experimental  data  for  Al;  the  open  circles  are  for  Cu.  (From 
Tabata,  T.,  Ito,  R.,  and  Okabe,  S.,  Nucl.  Instrum.  Meth.  103:85;1972.) 


In  the  case  of  absorbers  that  are  mixtures  or  compounds,  the  atomic  number  Z  and 
atomic  weight  A  to  be  used  in  Equation  4.22  are  given  by 


Zef  = 


(4.23) 


Aq  f  Zrf 


f  L 

YjW‘ 

V  i 


V1 

Z, 


(4.24) 


where  wt  is  the  weight  fraction  of  element  with  atomic  number  Z,-  and  atomic  weight  At. 
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10-1  1  10  102 


FIGURE  4.10  The  range  of  electrons  as  a  function  of  their  kinetic  energy  as  obtained  by  using 
Equation  4.21.  The  solid  circles  are  experimental  data  for  Ag;  the  open  circles  are  for  Au.  (From 
Tabata,  T.,  Ito,  R.,  and  Okabe,  S.,  Nucl.  Instrum.  Meth.  103:85;1972.) 


r 


EXAMPLE  4.11 

What  is  the  range  of  1-MeV  electrons  in  gold?  (Z  =79,  A  =  197) 

Answer 

Using  Equations  4.21  and  4.22, 


a^ 


2.335  (197) 

791-209 


2.336 


a2  =  (1.78  x  10“4)(79)  =  0.01406 


a3  =  0.9891  -  (3.01  x  10“4)(79)  =  0.965 
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a4  =  1 .468  -  (1 .1  80  x  1 0“2)(79)  =  0.5358 


_  1.232 

-j  go.109  0.765 


=  D5TI  = 
0.511 


d  .  find +  0.0275)  1 .8885  'l  _  ,  _  .  .  2  __1n  . 

/?  =  2.336  - =  2.18  kg/m  =  0.218  g/cr 

f  0.01406  1.895  J 


Since  the  density  of  gold  is  19.3  x  103  kg/m3,  the  range  in  gm  is 


R  = 


2.1 8  kg/m2 


19.3  x  103  kg/m 


=  1.13  x  10-4  m  =  1 13gm 


r 


EXAMPLE  4.12 

What  is  the  range  of  1-MeV  electrons  in  aluminum?  (Z  =  13,  A  =  27) 

Answer 

Again,  using  Equations  4.21  and  4.22, 


_  2.335(27)  _ 
ai  1 31.209  £-oi/ 

a2  =  (1 .78  x  1 0_4)(1 3)  =  2.314  x10“3 

a3  =  0.9891  -  (3.01  x  1 0“4)(1 3)  =  0.985 

a4  =  1.468  - (1.180  x  10“2)(1 3)  =  1.3146 

1.232 


^  ^0.109 


=  0.9315 


I  n  (1 .0045)  1 .928 > 
0.00231  _  3.457^ 


3.93  kg/m2  =  0.393  g/cm2 


Since  the  density  of  aluminum  is  2.7  x  103  kg/m3,  the  range  in  (tm  is 


3.93  kg/m2 
2.7  x  103  kg/m3 


1 .46  x  1 0  3  m  =  1 460  |im 


J 
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Another  empirical  formula 
for  the  range  of  electrons  and 
positrons  is  given  by  Shultis  and 
Faw,  (2000,  p.  71).  That  equation  is 

TABLE  4.2 

Constants  for  the  Empirical  Formula  y  =  a  +  bx  +  c2  Relating  Charged 
Particle  Energy  and  Range  in  Which  y  =  log10R  (gm/cm2)  and  x  =  log10  T 
(MeV),  T  =  Initial  Energy  of  the  Particle  (MeV) 

Protons 

Electrons 

y  =  a  +  bx  +  cx2, 

Material 

a 

b 

C 

a 

b 

c 

Aluminum 

-2.3829 

1 .3494 

0.19670 

-0.27957 

1 .2492 

-0.18247 

where  y  =  log10£  (g/cm),  x  =  log10£ 

Iron 

-2.2262 

1 .2467 

0.22281 

-0.23199 

1.2165 

-0.19504 

(MeV),  T  =  particle  kinetic  energy 

Gold 

-1 .8769 

1.1664 

0.20658 

-0.13552 

1.1292 

-0.20889 

in  MeV. 

Air 

-2.5207 

1.3729 

0.21045 

-0.33545 

1.2615 

-0.18124 

Values  of  the  constants  are 

Water 

-2.5814 

1.3767 

0.20954 

-0.38240 

1 .2799 

-0.17378 

given  in  Table  4.2  for  several 

Tissue 

-2.5839 

1.3851 

0.20710 

-0.37829 

1 .2803 

-0.17374 

materials. 

Bone 

-2.5154 

1.3775 

0.20466 

-0.33563 

1.2661 

-0.17924 

( - \ 

EXAMPLE  4.13 

What  is  the  range  of  2  MeV  electrons  in  Al? 

Answer 

x  =  log102  =  0.301 

y  =  -0.280  +  1.25  x  0.301  -0.182  X  0.3012  =  0.0798  ~  0.08 
£(g/cm2)  =  100  08  =  1.20  g/cm2  =  (1.20  g/cm2)/(2.7  g/cm3)  =  0.44  cm 

V _ _ _ 


4.6.3  Transmission  of  Beta  Particles 

Beta  particles  have  a  continuous  energy  spectrum  extending  from  zero  energy  up  to 
maximum  kinetic  energy  £max  (see  Section  3.7.3).  If  the  transmission  experiment  shown 
in  Figure  4.5  is  repeated  with  an  incident  beam  of  (3  particles,  the  result  will  look  as  shown 
in  Figure  4.11.  The  number  of  betas  N(t)  transmitted  through  a  thickness  £  is  very  closely 
represented  by 

N(t)  =  Af(0)e“^  (4.25) 

where  the  parameter  p  is  called  the  mass  absorption  coefficient. 

The  value  of  p  has  been  determined  experimentally  as  a  function  of  the  maximum  beta 
energy  and  is  given  by 


p(m2/kg)  =  1.7£,^14  (4.26) 

where  £max  is  in  MeV.  Note  that  p  is  given  in  units  of  m2/kg;  therefore  the  thickness  £  in 
the  exponent  of  Equation  4.25  should  be  in  kg/m2.  The  exponential  transmission  law  rep¬ 
resented  by  Equation  4.26  is  the  result  of  experimental  observation.  There  is  no  theory 
predicting  it.  The  range  of  (3  particles  is  calculated  using  Equation  4.21  or  4.25  for  kinetic 
energy  equal  to  £max. 
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FIGURE  4.11  Transmission  of  betas.  A  corresponding  curve  for  monoenergetic  electrons  is  also 
shown  with  £mono  =  £max. 


f — - \ 

EXAMPLE  4.14 

What  fraction  of  2-MeV  betas  will  go  through  a  single  Al  foil  of  thickness  0.1  mm? 

Answer 

The  mass  absorption  coefficient  is,  using  Equation  4.26, 

H  =  1.7  x  2~'  u  =  0.771 4  rrr/kg 

The  fraction  transmitted  is,  using  Equation  4.25 

=  e_iu  =  exp[-0.7714  m2/kg  (0.1  x  10~3  m)(2.7  x  103kg/m3)] 

=  exp  (-0.208)  =  0.81 

Therefore,  81%  of  the  betas  will  go  through  this  foil. 

V _ > 
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4.6.4  Energy  Loss  after  Traversing  a  Material  of  Thickness  t  <  R 

It  is  often  required  to  calculate  the  energy  loss  of  a  charged  particle  after  it  traverses  a  material 
of  thickness  t.  The  first  step  in  solving  such  a  problem  is  to  determine  the  range  of  the  particle 
in  that  medium.  If  the  range  is  R  <  t,  the  particle  stopped  in  the  medium  and  the  total  energy 
lost  is  equal  to  the  initial  energy  of  the  particle.  If  R  >  t,  the  energy  loss  A E  is  given  by 


A  E  = 


(4.27) 


where  dE/dx  is  the  total  stopping  power  (ionization-excitation  plus  radiation  loss).  If  t  <S  R, 
one  may  take  dE/dx  as  constant  and  obtain 

E  =  [^P\t’  £<<jR  (4.28) 

V  Jq 


where  ( dE/dx)0  is  the  stopping  power  calculated  for  the  initial  energy  of  the  particle. 

If  the  thickness  t  is  a  considerable  fraction  of  the  range,  dE/dx  cannot  be  considered 
constant.  Then,  Equation  4.27  should  be  integrated  using  the  appropriate  form  of  dE/dx. 
Since  the  stopping  power  is  a  complicated  expression,  the  integration  cannot  be  carried  in 
a  closed  form  and  a  numerical  integration  is  required.  In  most  cases,  however,  the  following 
approach  gives  adequate  results. 

The  thickness  t  is  divided  into  N  segments  of  length  Ax„  where 

N 

^^Axj  =  f 

i= 1 


Equation  4.27  takes  the  form 


(4.29) 


where  (dE/dx)  t  is  the  stopping  power  calculated  for  the  kinetic  energy  of  the  particle  at  the 
beginning  of  the  segment  Axt. 

There  is  no  general  rule  as  to  the  best  value  of  the  number  of  segments  N.  Obviously, 
N  should  be  such  that  (dE/dx)i  changes  by  a  small  but  acceptable  amount  as  the  particle 
travels  the  segment  Axt. 


r - \ 

EXAMPLE  4.15 

What  is  the  energy  loss  of  a  10-MeV  electron  going  through  15  mm  of  aluminum? 

Answer 

Using  Equation  4.21  or  Figure  4.9,  the  range  of  a  10-MeV  electron  in  aluminum  is 
R  =  20.4  mm.  The  particle  will  emerge,  but  the  thickness  of  the  absorber  is  a  consider¬ 
able  fraction  of  the  range.  Therefore,  one  should  use  Equation  4.29. 
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If  one  chooses  N  =  5  and  equal  segments,  Equation  4.29  takes  the  form 


A£  =  A x;  A x,  =  3  mm 


The  table  below  shows  how  the  calculation  proceeds. 


1 

T;  (MeV) 

dEldx  (MeV/mm) 

(AF),  (MeV) 

T/+i  =  T  —  (AE), 

1 

10 

0.605 

1.815 

8.185 

2 

8.185 

0.568 

1.704 

6.481 

3 

6.481 

0.530 

1.590 

4.891 

4 

4.891 

0.492 

1.476 

3.415 

5 

3.415 

0.457 

1.373 

2.042 

Total  energy  loss  is  7.958  MeV.  Using  a  constant  value  for  (d£/c/x);,  the  energy  loss 
would  have  been  equal  to  0.605  MeV/mm  x  15  mm  =  9.075  MeV,  which  overestimates 
the  true  energy  loss  by  about  14%. 

k _ > 


4.7  STOPPING  POWER  AND  RANGE  OF  HEAVY 
IONS  (Z>  2,  A  >4) 

4.7.1  Introduction 

The  equations  presented  in  Sections  4.3  through  4.6  for  energy  loss  and  range  of  charged 
particles  were  derived  with  the  assumption  that  the  charge  of  the  particle  does  not  change 
as  the  particle  traverses  the  medium.  This  assumption  is  certainly  valid  for  electrons,  posi¬ 
trons,  protons,  and  deuterons  (Z  =  1).  It  holds  well  for  alphas  too  (Z  =  2).  However,  for  Z  >  2, 
the  charge  of  the  particle  cannot  be  assumed  constant,  and  for  this  reason  the  energy  loss 
and  range  calculations  require  special  treatment. 

Consider  an  atom  or  an  ion  with  speed  greater  than  the  orbital  velocity  of  its  own  elec¬ 
trons.  If  this  particle  enters  a  certain  medium,  the  atomic  electrons  will  be  quickly  removed 
from  the  atom  or  ion,  leaving  behind  a  bare  nucleus.  The  nucleus  will  keep  moving  through 
the  medium,  continuously  losing  energy  in  collisions  with  the  electrons  of  the  medium.*  It 
is  probable  that  the  ion  will  capture  an  electron  in  one  of  these  collisions.  It  is  also  prob¬ 
able  that  the  electron  will  be  lost  in  another  collision.  As  the  ion  slows  down  and  its  speed 
becomes  of  the  same  order  of  magnitude  as  the  orbital  speeds  of  the  atomic  electrons,  the 
probability  for  electron  capture  increases,  while  the  probability  for  electron  loss  decreases. 
When  the  ion  slows  down  even  farther  and  is  slower  than  the  orbiting  electrons,  the  prob¬ 
ability  of  losing  an  electron  becomes  essentially  zero,  while  the  probability  of  capturing 
one  becomes  significant.  As  the  speed  of  the  ion  continues  to  decrease,  a  third  electron 
is  captured,  then  a  fourth,  and  so  on.  At  the  end,  the  ion  is  slower  than  the  least  bound 
electron.  By  that  time,  it  is  a  neutral  atom.  What  is  left  of  its  kinetic  energy  is  exchanged 


Collisions  with  nuclei  are  not  important  if  the  particle  moves  much  faster  than  the  atomic  electrons. 
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through  nuclear  and  not  electronic  collisions.  The  neutral  atom  is  considered  as  stopped 
when  it  either  combines  chemically  with  one  of  the  atoms  of  the  material  or  is  in  thermal 
equilibrium  with  the  medium. 

4.7.2  dE/dx  Calculation 

The  qualitative  discussion  of  Section  4.7.1  showed  how  the  charge  of  a  heavy  ion  changes  as 
the  ion  slows  down  in  the  medium.  It  is  this  variation  of  the  charge  that  makes  the  energy 
loss  calculation  very  difficult.  There  is  no  single  equation  given  dE/dx  for  all  heavy  ions  and 
for  all  stopping  materials.  Instead,  dE/dx  is  calculated  differently,  depending  on  the  speed 
of  the  ion  relative  to  the  speed  of  the  orbital  electrons. 

The  stopping  power  is  written,  in  general,  as  the  sum  of  two  terms: 

dE  (dE\  (dE\ 

dx\dx)eydx)n  (4,30) 


where 

(dE/dx) e  =  electronic  energy  loss 
(dE/dx)n  -  nuclear  energy  loss 

An  excellent  review  of  the  subject  is  presented  by  Northcliffe11  and  Lindhard,  Scharff, 
and  Schiott.12  The  results  are  usually  presented  as  universal  curves  in  terms  of  two  dimen¬ 
sionless  quantities,  the  distance  s  and  the  energy  e,  first  introduced  by  Lindhard  et  al.10  and 
defined  as  follows: 


s  =  4:na2N 


MxM2x 
(Mi  +  M2)2 


8  = 


a_f  M2 
ro  Z2Z2(Mi  +  m2)  ^ 


T 

me2 


(4.31) 

(4.32) 


where 

a  =  0.8853a0(Zi2/3  +  Z22/3)“1/2 

x  =  actual  distance  traveled 

r0  =  h2/me 2  =  Bohr  radius  =  5.29  x  1CL11  m 

Zv  M1  =  charge  and  mass  of  incident  particle 

Z2,  M2  =  atomic  number  and  mass  of  stopping  material 

The  parameters  N  and  me 2  have  been  defined  in  Section  4.3. 

At  high  ion  velocities,  x>  »  t)0Z2/3,  where  D0  =  e2/Pi  is  the  orbital  velocity  of  the  electron 
in  the  hydrogen  atom,  the  nuclear  energy  loss  is  negligible.  The  particle  has  an  effective 
charge  equal  to  Zv  and  the  energy  loss  is  given  by  an  equation  of  the  form 


dE  Z\Z2  2mv2 

— - s — in - 

dx  v  A2  I 


(4.33) 


The  number  0.8853  =  (97i2)1/3/27/3  is  called  the  Thomas-Fermi  constant. 
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TABLE  4.3 

Values  of  k  Used  in  Equation  4.34 

A 

Zi 

k 

10 

50 

13 

27 

0.085 

20 

60 

79 

197 

0.022 

92 

238 

79 

197 

0.162 

which  is  similar  to  Equation  4.2. 

At  velocities  of  the  order  of  X)  ~  \>0Z213 ,  the  ion  starts  picking  up  electrons  and  its 
charge  keeps  decreasing.  The  energy  loss  through  nuclear  collisions  is  still  negligible. 

In  the  velocity  region  D  <  x>0 Z213 ,  the  electronic  energy  loss  equation  takes  the  form10 


TABLE  4.4 

Kinetic  Energy  of  Heavy  Ions  for  Several  Values 

of  u  =  u0Z2/3 


(  dx> 

dp 


=  ken 


(4.34) 


Ion 

v0zr 

(xIO  7) 
(m/s) 

P 

(xIO2) 

TIA , 

7  (MeV) 

C 

6 

0.72 

2.4 

0.27 

3.3 

Al 

13 

1.2 

4.04 

0.76 

20.7 

Ni 

28 

2.0 

6.7 

2.13 

126 

Br 

35 

2.3 

7.8 

2.87 

230 

Ag 

47 

2.8 

9.5 

4.27 

461 

l 

53 

3.1 

10.3 

5.02 

638 

Au 

79 

4.0 

13.4 

8.6 

1694 

U 

92 

4.5 

14.9 

10.57 

2515 

where 


k  =  ^e 


0.0793 Z1Z2(A1  +  A2): 


3/2 


(Z2/3  +  z,2/3,3/4 


3^3 


A!12  X  aT- 


and  n  has  a  value  very  close  to  1/2. 12,13  The  constant  k  depends 
on  Z  and  A  only,  not  on  energy,  and  its  value  is  less  than  1. 
Some  typical  values  are  given  in  Table  4.3. 

Table  4.4  shows  the  kinetic  energy  per  unit  atomic  mass, 
as  well  as  the  kinetic  energy,  of  several  ions  for  d  =  V0Z2 13 . 

The  electronic  stopping  power  for  different  ions  and  stop¬ 
ping  materials  is  obtained  by  using  the  following  semiempiri- 
cal  approach. 

The  ratio  of  stopping  power  for  two  ions  having  the  same  velocity  and  traveling  in  the 
same  medium  is  given  by  (using  Equation  4.33): 


{dEldx)TiZiAi  _  z2 

(dE/dx)T^M  Z2 


(4.35) 


The  application  of  Equation  4.35  to  heavy  ions  should  take  into  account  the  change  of  the 
charge  Zx  as  the  ion  slows  down.  This  is  accomplished  by  replacing  Zx  with  an  effective  charge 

Z„  i"|  Z 


where  T)  is  a  parameter  that  depends  on  energy.  The  second  particle  in  Equation  4.35  is 
taken  to  be  the  proton  (Z2  =  A2=  1),  thus  leading  to  the  form14-16 


(' dE/dx )ZlAlTl  _  n2Zi 

{dE/dx)pTp  rfp 


(4.36) 


where  the  effective  proton  charge  x\p  is  given  by  Equation  4.37,  reported  by  Booth  and 
Grant,14  and  Tp  is  the  proton  kinetic  energy  in  MeV: 
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rip  =  [l-exp(-150r/7)]exp(-0.835e'14'5rp) 


(4.37) 


Equations  giving  the  value  of  r)  have  been  reported  by  many  investigators.14-17  The  most 
recent  equation  reported  by  Forster  et  al.17  valid  for  8  <  <  20  and  for  v/v0  >  2  is 


(4.38) 


with 


A(ZX)  =  1.035  -  0.4exp(-0.16Z!) 


The  proton  stopping  power  is  known.18  Brown19  has  developed  an  equation  of  the  form 


a  +  b  In  Tp  +  C  (In Tp)2 


(4.39) 


p 


by  least  squares  fitting  the  data  of  Northcliffe  and  Schilling.18  The  most  recent  data  are 
those  of  Janni.4 

The  experimental  determination  of  dE/dx  is  achieved  by  passing  ions  of  known  ini¬ 
tial  energy  through  a  thin  layer  of  a  stopping  material  and  measuring  the  energy  loss.  The 
thickness  Ax  of  the  material  should  be  small  enough  that  dE/dx  ~  AE/Ax.  Unfortunately, 
such  a  value  of  Ax  is  so  small,  especially  for  very  heavy  ions,  that  the  precision  of  measur¬ 
ing  Ax  is  questionable  and  the  uniformity  of  the  layer  has  an  effect  on  the  measurement. 
Typical  experimental  results  of  stopping  power  are  presented  in  Figure  4.12.  The  data  of 
Figure  4.12  come  from  Reference  13.  The  solid  line  is  based  on  the  following  empirical  equa¬ 
tion  proposed  by  Bridwell  and  Bucy20  and  Bridwell  and  Moak21: 


(4.40) 


where  T  is  the  kinetic  energy  of  the  ion  in  MeV. 

For  a  compound  or  mixture,  dE/dx  can  be  obtained  by  using  Equation  4.12  with 
(dE/dx) i  obtained  from  Equation  4.36  or  4.40. 


At  velocities  v  <  v0 Z2/3,  the  energy  loss  through  nuclear  elastic  collisions  becomes 


important.  The  so-called  nuclear  stopping  power  is  given  by  the  following  approximate 
expression10: 


(4.41) 


While  the  electronic  stopping  power  (de/dp) e  continuously  decreases  as  the  ion  speed 
D  decreases,  the  nuclear  stopping  power  increases  as  v  decreases,  goes  through  a  maxi¬ 
mum,  and  then  decreases  again  (Figure  4.13). 
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FIGURE  4.12  Energy  loss  of  iodine  ions  in  several  absorbers.  The  curves  are  based  on  Equation 
4.40.  (From  Moak,  C.  D.  and  Brown,  M.  D.,  Phys.  Rev.  149:244;! 966.) 


4.7.3  Range  of  Heavy  Ions 


The  range  of  heavy  ions  has  been  measured  and  calculated  for  many  ions  and  for  different 
absorbers.  But  there  is  no  single  equation — either  theoretical  or  empirical — giving  the  range 
in  all  cases.  Heavy  ions  are  hardly  deflected  along  their  path,  except  very  close  to  the  end 


of  their  track,  where  nuclear  collisions  become  important. 
Thus,  the  range  R,  which  is  defined  as  the  depth  of  penetra¬ 
tion  along  the  direction  of  incidence,  will  be  almost  equal  to 
the  pathlength,  the  actual  distance  traveled  by  the  ion.  With 
this  observation  in  mind,  the  range  is  given  by  the  equation 

E 

R  =  [ - — -  (4.42) 

J  ( dE/dx)e  +  (dE/dx)„ 
o 


FIGURE  4.13  The  electronic  and  nuclear  energy  loss  as  a 
function  of  the  dimensionless  energy  e.  (From  Lindhard,  1, 
Scharff,  M.,  and  Schiott,  FI.  E.,  Fys.  Medd.  33:14;1 963.) 


Results  of  calculations  based  on  Equation  4.42  are 
given  by  many  authors.  Based  on  calculations  described  in 
Reference  12,  Siffert  and  Coche22  present  universal  graphs 
for  several  heavy  ions  in  silicon  (Figures  4.14  and  4.15). 
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FIGURE  4.15  Universal  range  energy  plot  for  e  >  1.  It  allows  the  determination  of  range  in  silicon  for  many  heavy  ions.  (G.  Bertolini  and  A.  Coche  (eds.): 
Semiconductor  Detectors,  pp.  279-300. 1968.  Copyright  Wiley-VCH  Verlag  GmbH  &Co.  KGaA.) 
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The  range  of  a  heavy  ion  in  a  compound  or  mixture  is  calculated  from  the  range  in  pure 
elements  by  using  the  equation23 


£(l<g/m2) 


where 

=  range,  in  kg/m2,  in  element  I 
ma  =  weight  fraction  of  ith  element 


(4.43) 


4.8  INTERACTIONS  OF  PHOTONS  WITH  MATTER 

Photons,  also  called  x-rays  or  y-rays,  are  electromagnetic  radiation.  Considered  as  particles, 
they  travel  with  the  speed  of  light  c  and  they  have  zero  rest  mass  and  charge.  The  relation¬ 
ship  between  the  energy  of  a  photon,  its  wavelength  X,  and  frequency  is 

E  =  hv  =  h  —  (4.44) 

X 

There  is  no  clear  distinction  between  x-rays  and  y-rays.  The  term  x-rays  is  applied  gen¬ 
erally  to  photons  with  E  <  1  MeV.  Gammas  are  the  photons  with  E  >  1  MeV.  In  what  fol¬ 
lows,  the  terms  photon,  y-ray,  and  x-ray  will  be  used  interchangeably. 

X-rays  are  generally  produced  by  atomic  transitions  such  as  excitation  and  ion¬ 
ization.  Gamma  rays  are  emitted  in  nuclear  transitions.  Photons  are  also  produced  as 
bremsstrahlung,  by  accelerating  or  decelerating  charged  particles.  X-rays  and  y-rays 
emitted  by  atoms  and  nuclei  are  monoenergetic.  Bremsstrahlung  has  a  continuous 
energy  spectrum. 

There  is  a  long  list  of  possible  interactions  of  photons,  but  only  the  three  most  impor¬ 
tant  ones  for  radiation  detection  will  be  discussed  here:  the  photoelectric  effect,  Compton 
scattering,  and  pair  production. 


4.8.1  Photoelectric  Effect 

The  photoelectric  effect  is  an  interaction  between  a  photon  and  a  bound 
atomic  electron.  As  a  result  of  the  interaction,  the  photon  disappears  and 
one  of  the  atomic  electrons  is  ejected  as  a  free  electron,  called  the  photoelec¬ 
tron  (Figure  4.16).  The  kinetic  energy  of  the  electron  is 


FIGURE  4.16  The  photoelectric  effect. 


T  =  Ey  —  Be 


(4.45) 


where 

£y  =  energy  of  the  photon 

Be  =  binding  energy  of  the  electron 

The  probability  of  this  interaction  occurring  is  called  the  photoelectric  cross  section  or 
photoelectric  coefficient.  Its  calculation  is  beyond  the  scope  of  this  book,  but  it  is  important 
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to  discuss  the  dependence  of  this  coefficient  on  parameters  such  as  £y,  Z,  and  A.  The  equa¬ 
tion  giving  the  photoelectric  coefficient  may  be  written  as 

x(m-1)  =  aN^[l-0(Z)]  (4.46) 

ty 


where 

X  =  probability  for  photoelectric  effect  to  occur  per  unit  distance  traveled  by  the  photon 
a  =  constant,  independent  of  Z  and  £y 

m,  «  =  constants  with  a  value  of  3-5  (their  value  depends  on  £y;  see  Evans,  1955) 

N,  Z  have  been  defined  in  Section  4.3. 


z 


The  second  term  in  brackets  O(Z)  indicates  correction  terms  of  the  first  order  in 
Z.  Figure  4.17  shows  how  the  photoelectric  coefficient  changes  as  a  function  of  £y  and 
Z.  Figure  4.17  and  Equation  4.46  show  that  the  photoelectric  effect  is  more  important 
for  high-Z  material,  that  is,  more  probable  in  lead  (Z  =  82)  than  in  aluminum  (Z  =  13). 
It  is  also  more  probable  for  £y  =  10  keV  than  £y  =  500  keV  (for  the  same  material).  Using 
Equation  4.46,  one  can  obtain  an  estimate  of  the  photoelectric  coefficient  of  one  element 
in  terms  of  that  of  another.  If  one  takes  the  ratio  of  x  for  two  elements,  the  result  for 
photons  of  the  same  energy  is 


x2(m  l)  =  Xi— j 

Pi 


A 

A2 


(4.47) 


FIGURE  4.17  Dependence 
of  the  photoelectric  cross 
section  on  (a)  photon  energy 
and  (b)  atomic  number  of  the 
material. 


where  p,  and  At  are  density  and  atomic  weight,  respectively,  of  the  two  elements,  and  xx 
and  X2  are  given  in  nr1.  If  xx  and  x2  are  given  in  m2/kg,  Equation  4.47  takes  the  form 


X2(m2/kg)  = 


(4.47a) 


4.8.2  Compton  Scattering  or  Compton  Effect 


Photon 


Freed  electron 


FIGURE  4.18  The  Compton  effect. 


The  Compton  effect  is  a  collision  between  a  photon  and  a  free  electron.  Of  course, 
under  normal  circumstances,  all  the  electrons  in  a  medium  are  not  free  but  bound. 

However,  if  the  energy  of  the  photon  is  of  the  order  of  keV  or 
more,  while  the  binding  energy  of  the  electron  is  of  the  order 
of  eV,  the  electron  may  be  considered  free. 

The  photon  does  not  disappear  after  a  Compton  scattering. 
Only  its  direction  of  motion  and  energy  change  (Figure  4.18). 
The  photon  energy  is  reduced  by  a  certain  amount  that  is  given 
to  the  electron.  Therefore,  conservation  of  energy  gives  (assum¬ 
ing  the  electron  is  stationary  before  the  collision): 


Scattered  photon 


T  =  £y  -  £, 


(4.48) 
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If  Equation  4.48  is  used  along  with  the  conservation  of  momentum  equations,  the 
energy  of  the  scattered  photon  as  a  function  of  the  scattering  angle  0  can  be  calculated.  The 
result  is  (see  Evans,  1955) 


Er  = 


1  +  (1 


£y 

cosQ)Eylmc2 


(4.49) 


Using  Equations  4.48  and  4.49,  one  obtains  the  kinetic  energy  of  the  electron: 


(1  -  cos0)£y/wc2 
1  +  (1  -  cosQ)Ey/mc2  / 


(4.50) 


A  matter  of  great  importance  for  radiation  measurement  is  the  maximum  and  mini¬ 
mum  energy  of  the  photon  and  the  electron  after  the  collision.  The  minimum  energy  of 
the  scattered  photon  is  obtained  when  0  =  7t.  This,  of  course,  corresponds  to  the  maximum 
energy  of  the  electron.  From  Equation  4.49, 


-,y  ,min 


1  +  2Ey/mc~ 


(4.51) 


and 


2Eylmc2 
l  +  2Ey/mc2  y 


(4.52) 


The  maximum  energy  of  the  scattered  photon  is  obtained  for  0  =  0,  which  essentially 
means  that  the  collision  did  not  take  place.  From  Equations  4.49  and  4.50, 


-,Y  ,max 


The  conclusion  to  be  drawn  from  Equation  4.51  is  that  the  minimum  energy  of  the 
scattered  photon  is  greater  than  zero.  Therefore,  in  Compton  scattering,  it  is  impossible  for 
all  the  energy  of  the  incident  photon  to  be  given  to  the  electron.  The  energy  given  to  the  elec¬ 
tron  will  be  dissipated  in  the  material  within  a  distance  equal  to  the  range  of  the  electron. 
The  scattered  photon  may  escape. 


( - \ 

EXAMPLE  4.16 

A  3-MeV  photon  interacts  by  Compton  scattering,  (a)  What  is  the  energy  of  the  photon 
and  the  electron  if  the  scattering  angle  of  the  photon  is  90°?  (b)  What  is  that  energy  if 
the  angle  of  scattering  is  180°? 
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Answer 


a.  Using  Equation  4.49, 


Ey  = 


=  0.437  MeV 


1  +  (1  -  0)3/0.511 
7  =  3  -  0.437  =  2.563  MeV 


b.  Using  Equation  4.51, 


3 

1  + (2)3/0.511 


0.235  MeV 


7  =  3  -  0.235  =  2.765  MeV 


J 


r 


EXAMPLE  4.17 

What  is  the  minimum  energy  of  the  y-ray  after  Compton  scattering  if  the  original  photon 
energy  is  0.511,  5,  10,  or  100  MeV? 

Answer 

The  results  are  shown  in  the  table  below  (Equation.  4.51  has  been  used). 


V 


The  probability  that  Compton  scattering  will  occur  is  called  the  Compton  coefficient 
or  the  Compton  cross  section.  It  is  a  complicated  function  of  the  photon  energy,  but  it  may 
be  written  in  the  form 


cKnT1)  =  NZf(Ey)  (4.53) 

where 

G  =  probability  for  Compton  interaction  to  occur  per  unit  distance 
f{Ey)  =  a  function  of  £y 

If  one  writes  the  atom  density  N  explicitly,  Equation  4.53  takes  the  form 

<J  -  P  ~  p(:x)f/(£>)  ~  P^/(£>)  (4.54) 
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In  deriving  Equation  4.54,  use  has  been  made  of  the  fact  that  for  most  materials,  except 
hydrogen,  A  ~  2Z  to  A  ~  2.6 Z.  According  to  Equation  4.54,  the  probability  for  Compton  scat¬ 
tering  to  occur  is  almost  independent  of  the  atomic  number  of  the  material.  Figure  4.19  shows 
how  o  changes  as  a  function  of  Ey  and  Z.  If  the  Compton  cross  section  is  known  for  one  ele¬ 
ment,  it  can  be  calculated  for  any  other  by  using  Equation  4.53  (for  photons  of  the  same  energy): 


02(m 


=  a. 


'pA(a 

vPl  Jl  ^2 


(4.55) 


(b) 


where  0X  and  02  are  given  in  m  ’.  If  0!  and  02  are  given  in  m2/kg,  Equation  4.55  takes  the 
form 


a 


02(m2/kg)  =  0! 


4.8.3  Pair  Production 

Pair  production  is  an  interaction  between  a  photon  and  a 
nucleus.  As  a  result  of  the  interaction,  the  photon  disap¬ 
pears  and  an  electron-positron  pair  appears  (Figure  4.20). 
Although  the  nucleus  does  not  undergo  any  change  as  a 
result  of  this  interaction,  its  presence  is  necessary  for  pair 
production  to  occur.  A  y-ray  will  not  disappear  in  empty 
space  by  producing  an  electron-positron  pair.* 

Conservation  of  energy  gives  the  following  equation 
for  the  kinetic  energy  of  the  electron  and  the  positron: 


z 

(4.55a)  _ 

FIGURE  4.19  Depen¬ 
dence  of  the  Compton 
cross  section  on  (a) 
photon  energy  and  (b) 
atomic  number  of  the 
material. 


FIGURE  4.20  Pair  production.  The  gamma  disappears  and  a 
positron-electron  pair  is  created.  Two  0.511-MeV  photons  are 
produced  when  the  positron  annihilates. 


T-  +  Te+  =Ey-  {me1)-  -  ( mc2)e+  =  Ey  -  1.022  MeV 


(4.56) 


The  available  kinetic  energy  is  equal  to  the  energy  of  the  photon  minus  1.022  MeV, 
which  is  necessary  for  the  production  of  the  two  rest  masses  of  the  electron-positron  pair. 
Electron  and  positron  share,  for  all  practical  purposes,  the  available  kinetic  energy,  that  is, 

T-  =  Te+  =  *  (£Y  -  1.022  MeV)  (4.57) 

Pair  production  eliminates  the  original  photon,  but  two  photons  are  created  when  the 
positron  annihilates  (see  Section  3.7.4).  These  annihilation  gammas  are  important  in  con¬ 
structing  a  shield  for  a  positron  source  as  well  as  for  the  detection  of  gammas  (see  Chapter  12). 

The  probability  for  pair  production  to  occur,  called  the  pair  production  coefficient  or 
cross  section,  is  a  complicated  function  of£y  and  Z  (see  Evans,  1955;  Roy  and  Reed,  1968).  It 
may  be  written  in  the  form 

K(m_1)  =  NZ2f{EvZ)  (4.58) 


Pair  production  may  take  place  in  the  field  of  an  electron.  The  probability  for  that  to  happen  is  much  smaller 
and  the  threshold  for  the  gamma  energy  is  4  me 2  =  2.04  MeV. 
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where  K  is  the  probability  for  pair  production  to  occur  per  unit  distance  traveled  and  f{Ev 
Z)  is  a  function  that  changes  slightly  with  Z  and  increases  with  Ey. 

Figure  4.21  shows  how  K  changes  with  Ey  and  Z.  It  is  important  to  note  that  K  has 
a  threshold  at  1.022  MeV  and  increases  with  Ey  and  Z.  Of  the  three  coefficients  (t  and  o 
being  the  other  two),  K  is  the  only  one  increasing  with  the  energy  of  the  photon. 

If  the  pair  production  cross  section  is  known  for  one  element,  an  estimate  of  its  value  can 
be  obtained  for  any  other  element  by  using  Equation  4.58  (for  photons  of  the  same  energy). 


K2(m  L)  =  K, 


r  \ 

Pi 

fzA 

vPl  , 

UJ 

U J 

(4.59) 


where  Kj  and  k12  are  given  in  m  \  If  Kq  and  k2  are  given  in  m2/kg,  Equation  4.59  takes 
the  form 


FIGURE  4.21  Dependence 
of  the  pair  production 
cross  section  on  (a)  pho¬ 
ton  energy  and  (b)  atomic 
number  of  the  material. 


K2(m2/kg)  =  Ki|  41! 


(4.59a) 


4.8.4  Total  Photon  Attenuation  Coefficient 

When  a  photon  travels  through  matter,  it  may  interact  through  any  of  the  three  major  ways 
discussed  earlier.  (For  pair  production,  Ey  >  1.022  MeV.)  There  are  other  interactions,  but 

they  are  not  mentioned  here  because  they  are  not 
important  in  the  detection  of  photons. 

Figure  4.22  shows  the  relative  importance  of 
the  three  interactions  as  £y  and  Z  change.  Consider 
a  photon  with  E  =  0.1  MeV.  If  this  particle  travels  in 
carbon  (Z  =  6),  the  Compton  effect  is  the  predomi¬ 
nant  mechanism  by  which  this  photon  interacts.  If 
the  same  photon  travels  in  iodine  (Z  =  53),  the  pho¬ 
toelectric  interaction  prevails.  For  a  y  of  1  MeV,  the 
Compton  effect  predominates  regardless  of  Z.  If  a 
photon  of  10  MeV  travels  in  carbon,  it  will  interact 
mostly  through  Compton  scattering.  The  same  pho¬ 
ton  moving  in  iodine  will  interact  mainly  through 
pair  production. 

The  total  probability  for  interaction  ji,  called 
the  total  linear  attenuation  coefficient,  is  equal  to 
the  sum  of  the  three  probabilities: 


Er  MeV 


FIGURE  4.22  The  relative  importance  of  the  three  major  gamma 
interactions.  (From  Evans,  R.  D.,  The  Atomic  Nucleus,  McGraw-Hill,  New 
York,  1955.  Copyright  1972,  by  McGraw-Hill.  Used  with  the  permission 
of  McGraw-Hill  Book  Company.) 


|l(m  x)  =  T  +  O  +  K 


(4.60) 


Physically,  |U  is  the  probability  of  interaction  per  unit  distance. 

There  are  tables  that  give  |U  for  all  the  elements,  for  many  photon  energies.* 

Most  of  the  tables  provide  |U  in  units  of  m2/kg  (or  cm2/g),  because  in  these  units  the 
density  of  the  material  does  not  have  to  be  specified.  If  |I  is  given  in  m2/kg  (or  cm2/g),  it 


Tables  of  mass  attenuation  coefficients  are  given  in  Appendix  D. 
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FIGURE  4.23  Mass  attenuation  coefficients  for  lead  (Z  =  82,  p  =  11.35  x  103  kg/m3). 

is  called  the  total  mass  attenuation  coefficient.  The  relationship  between  linear  and  mass 
coefficients  is 


|i(m2/kg) 


p(kg/m3) 


(4.61) 


Figure  4.23  shows  the  individual  coefficients  as  well  as  the 
total  mass  attenuation  coefficient  for  lead,  as  a  function  of  photon 
energy.  The  total  mass  attenuation  coefficient  shows  a  minimum 
because  as  E  increases,  t  decreases,  k  increases,  and  o  does  not 
change  appreciably.  However,  the  minimum  of  ji  does  not  fall  at 
the  same  energy  for  all  elements.  For  lead,  |i  shows  a  minimum  at 
Ey~  3.5  MeV;  for  aluminum,  the  minimum  is  at  20  MeV;  and  for 
Nal,  the  minimum  is  at  5  MeV. 

If  a  parallel  beam  of  monoenergetic  photons  with  intensity  7(0) 
strikes  a  target  of  thickness  t  (Figure  4.24),  the  number  of  photons, 
7(f),  emerging  without  having  interacted  in  the  target  is  given  by 


Incident  > 

photon - >, - 1 

beam  ^ 

4  ► 


FIGURE  4.24  The  intensity  of  the  transmitted  beam 
(only  particles  that  did  not  interact)  decreases  expo¬ 
nentially  with  material  thickness. 


7(7)  =  7(0)e^f 


(4.62) 


The  probability  that  a  photon  will  traverse  thickness  t  without  an  interaction  is 
Number  transmitted  7(0)e_tlf  _^£ 

Number  incident  7(0) 
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Based  on  this  probability,  the  average  distance  between  two  successive  interactions, 
called  the  mean  free  path  (mfp)  (A.),  is  given  by 


A(m) 


I 

j; 


xe  dx 


e^dx 


1 


(4.63) 


Thus,  the  mfp  is  simply  the  inverse  of  the  total  linear  attenuation  coefficient.  If  p  =  10  nr1 
for  a  certain  y-ray  traveling  in  a  certain  medium,  then  the  distance  between  two  successive 
interactions  of  this  gamma  in  that  medium  is  A  =  1/(0.  =  1/10  m  =  0.10  m  =  10  cm. 

The  total  mass  attenuation  coefficient  for  a  compound  or  a  mixture  is  calculated  by 
the  same  method  used  for  ( dE/dx)c  in  Section  4.5.  It  is  easy  to  show  (see  Problem  4.17)  that 


pc(m2/kg)  =  ^w,|a1(m2/kg) 


(4.64) 


where 

pc  =  total  mass  attenuation  coefficient  for  a  compound  or  a  mixture 
wt  =  weight  fraction  of  the  ith  element  in  the  compound 
ft;  =  total  mass  attenuation  coefficient  of  the  ith  element 


f - \ 

EXAMPLE  4.18 

a.  What  is  the  total  mass  attenuation  coefficient  for  1.25-MeV  gammas  in  Nal? 

b.  What  is  the  mfp? 

Answer 

For  this  compound,  the  following  data  apply: 

Na  :  p  =  0.00546  m2 /kg 
I  :  p  =  0.00502  nr /kg 

a.  Using  Equation  4.64, 
p(Nal)  =  0.00546(0.1  53) +  0.00502(0.847)  =  0.00509  m2 /kg  =  0.0509  cm2 /g 
The  density  of  Nal  is  3.67  x  103  kg/m3;  hence, 

p(m“‘)  =  0.00509  m3 /kg  (3.67  x  103  kg/m3)  =  18.567  m"'  =  0.187  cm"' 

b.  A  =  1/p  =  (1/0.187)  cm  =  5.35  cm 

< _ > 


w  =  —  =  0.153 
150 

127 

w  = - =  0.847 

150 
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4.8.5  Photon  Energy  Absorption  Coefficient 

When  a  photon  has  an  interaction,  only  part  of  its  energy  is  absorbed  by  the  medium  at  the 
point  where  the  interaction  took  place.  Energy  given  by  the  photon  to  electrons  and  posi¬ 
trons  is  considered  absorbed  at  the  point  of  interaction  because  the  range  of  these  charged 
particles  is  short,  especially  in  solid  materials  such  as  tissue.  However,  x-rays,  Compton- 
scattered  photons,  or  annihilation  gammas  may  escape.  The  fraction  of  photon  energy  that 
escapes  is  important  when  one  wants  to  calculate  heat  generated  due  to  gamma  absorption 
in  shielding  materials  or  gamma  radiation  dose  to  humans  (see  Chapter  16).  The  gamma 
energy  deposited  in  any  material  is  calculated  with  the  help  of  an  energy  absorption  coef¬ 
ficient  defined  in  the  following  way. 

The  gamma  energy  absorption  coefficient  is  that  part  of  the  total  attenuation  coefficient 
that,  when  multiplied  by  the  gamma  energy,  will  give  the  energy  deposited  at  the  point 
of  interaction.  Equation  4.60  gives  the  total  attenuation  coefficient.  The  energy  absorption 
coefficient  \ia  is* 


T  +  ■ 


T 

x  av 


-O  +  K 


(4.65) 


where  Tm  is  the  average  energy  of  the  Compton  electron  and  | ia  may  be  a  linear  or  mass 
energy  absorption  coefficient,  depending  on  the  units  (see  Section  4.8.4). 

In  writing  Equation  4.65,  it  is  assumed  that 

1.  If  photoelectric  effect  or  pair  production  takes  place,  all  the  energy  of  the  gamma  is 
deposited  there. 

2.  If  Compton  scattering  occurs,  only  the  energy  of  the  electron  is  absorbed  at  the 
point  of  interaction;  the  energy  of  the  Compton-scattered  gamma  is  not  absorbed. 

In  the  case  of  photoelectric  effect,  assumption  (1)  is  valid.  For  pair  production,  however, 
it  is  questionable  because  only  the  energy  £  -1.022  MeV  is  given  to  the  electron-positron 
pair.  The  rest  of  the  energy,  equal  to  1.022  MeV,  is  taken  by  the  two  annihilation  gammas, 
and  it  may  not  be  deposited  in  the  medium.  There  are  cases  when  Equation  4.65  is  modi¬ 
fied  to  account  for  this  effect.24  Using  Equation  4.65  amounts  to  a  conservative  approach, 
a  slight  overestimation  of  the  energy  deposited.  Gamma  absorption  coefficients,  as  defined 
by  Equation  4.65,  are  given  in  Appendix  D. 


( - \ 

EXAMPLE  4.19 

A  1-Ci  137Cs  source  is  kept  in  a  large  water  vessel.  What  is  the  energy  deposited  by  the 
gammas  in  H20  at  a  distance  0.05  m  from  the  source? 

Answer 

137Cs  emits  a  0.662-MeV  gamma,  85%  of  the  time.  The  mass  absorption  coefficient 
for  this  photon  in  water  is  (Appendix  D)  0.00327  m2/kg.  The  total  mass  attenuation 


A  more  detailed  definition  of  the  energy  absorption  coefficient  is  given  by  Shultis  and  Faw. 
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coefficient  is  0.00862  m2/kg.  The  energy  deposited  at  a  distance  of  0.05  m  from  the 
source  is  (Ed  =  <p|i„fY) 


=  1 .408  x  1 09  MeV/(s  ■  kg)  =  2.256  x  1  0"4J/(s/kg) 


J 


4.8.6  Buildup  Factors 

Consider  a  point  isotropic  monoenergetic  gamma  source  at  a  distance  r  from  a  detector,  in 
vacuum,  as  shown  in  Figure  4.25,  with  a  shield  of  thickness  t  between  source  and  detector. 


The  total  gamma  beam  hitting  the  detector  con¬ 
sists  of  two  components. 


-Compton-scattered 

photon 


1.  The  unscattered  beam  (c|)J  which  con¬ 
sists  of  those  photons  that  go  through 
the  shield  without  any  interaction.  If  the 
source  strength  is  S(yl s),  the  intensity  of 
the  unscattered  beam  or  the  unscattered 
photon  flux  is  given  by  the  simple  and 
exact  expression  (assuming  void  outside 
the  shield) 


Source 


Detector 


Unscattered  photon 
Annihilation  photon 


FIGURE  4.25  If  a  point  isotropic  source  is  placed  behind  a  shield 
of  thickness  f,  both  scattered  and  unscattered  photons  will  hit  the 
detector. 


(4.66) 


2.  The  scattered  beam  (c|>s)  which  consists  of  scattered  incident  photons  and  others 
generated  through  interactions  in  the  shield  (e.g.,  x-rays  and  annihilation  gammas). 
The  calculation  of  the  scattered  beam  is  not  trivial,  and  there  is  no  simple  expression 
like  Equation  4.66  representing  it. 

The  total  flux  hitting  the  detector  is 


^tot  §u  T  tys 


(4.67) 


Obviously,  for  the  calculation  of  the  correct  energy  deposition  by  gammas, 
either  for  the  determination  of  heating  rate  in  a  certain  material  or  the  dose  rate  to 
individuals,  the  total  flux  should  be  used.  Experience  has  shown  that  rather  than 
calculating  the  total  flux  using  Equation  4.67,  there  are  advantages  to  writing  the 
total  flux  in  the  form 


itfol:  Tilth 


(4.68) 
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where  B  is  a  buildup  factor,  defined  and  computed  in  such  a  way  that  Equation  4.68 
gives  the  correct  total  flux.  Combining  Equations  4.67  and  4.68,  one  obtains 


B  =  ^ 
<t>a 


1  + 


<t>« 


(4.69) 


How  will  B  be  determined?  Equation  4.69  will  be  used,  of  course,  but  that 
means  one  has  to  determine  the  scattered  flux.  Then,  where  is  the  advantage  of 
using  B ?  The  advantage  comes  from  the  fact  that  B  values  for  a  relatively  small 
number  of  cases  can  be  computed  and  tabulated  and  then,  by  interpolation,  one 
can  obtain  the  total  flux  using  Equation  4.68  for  several  other  cases.  In  other 
words,  the  use  of  the  buildup  factor  proceeds  in  two  steps: 

1.  Buildup  factor  values  are  tabulated  for  many  cases. 

2.  The  appropriate  value  of  B  that  applies  to  a  case  under  study  is  chosen  and  used  in 
Equation  4.68  to  obtain  the  total  flux. 

In  general,  the  buildup  factor  depends  on 

a.  The  energy  of  the  photon 

b.  The  mfps  traveled  by  the  photon  in  the  shield 

c.  The  geometry  of  the  source  (parallel  beam  or  point  isotropic) 

d.  The  geometry  of  the  attenuating  medium  (finite,  infinite,  slab,  etc.) 

The  formal  definition  of  B  upon  which  its  calculation  is  based  is 


B{E,[ir) 


Quantity  of  interest  due  to  total  flux 
Quantity  of  interest  due  to  unscattered  flux 


Quantities  of  interest  and  corresponding 
buildup  factors  are  shown  in  Table  4.5. 

The  mathematical  formulas  for  the  buildup  fac¬ 
tors  are  (assuming  a  monoenergetic,  E0,  point  isotro¬ 
pic  source)  as  follows: 

Number  buildup  factor: 

Eq 

<kt  (r,E)dE 

3 _ 

(S74rcr2)e“^r 


TABLE  4.5 

Types  of  Buildup  Factors 

Quantity  of  Interest 

Corresponding  Buildup  Factor 

Flux  <|>  (y/cm2-s) 

Number  buildup  factor 

Energy  deposited  in  medium 

Energy  deposition  buildup  factor 

Dose  (absorbed) 

Dose  buildup  factor 

(4.70) 


Energy  deposition  buildup  factor: 


Be{E0,  |dr) 


1 


Eo 


<^tot(r,E)E[iTd(E)dE 


(S/47tr2)e-^Ked(£)£o 


(4.71) 
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Dose  buildup  factor: 


Bd(Eq>  M-r) 


rEo 

Jo  ( 


4>tot(f  ,E)E[ita{E)dE 


(S/4:nr2)e~>lr[ita(E0)E0 


(4.72) 


In  Equations  4.70  through  4.72,  the  photon  flux  c|)(r,  E)  is  a  function  of  space  r  and 
energy  E,  even  though  all  photons  start  from  the  same  point  with  the  same  energy  E0.  Since 
B{E0,  fir)  expresses  the  effect  of  scattering  as  the  photons  travel  the  distance  r,  it  should  not 
be  surprising  to  expect  B(E0,  fir)  — >  1  as  fir  — >  0. 

Note  that  the  only  difference  between  energy  and  dose  buildup  factors  is  the  type  of 
gamma  absorption  coefficient  used.  For  energy  deposition,  one  uses  the  absorption  coef¬ 
ficient  for  the  medium  in  which  energy  deposition  is  calculated;  for  dose  calculations,  one 
uses  the  absorption  coefficient  in  tissue. 

Extensive  calculations  of  buildup  factors  have  been  performed,25-30  and  the  results  have 
been  tabulated  for  several  gamma  energies,  media,  and  distances.  In  addition,  attempts 
have  been  made  to  derive  empirical  analytic  equations.  Two  of  the  most  useful  formulas 
are  as  follows: 

Berger  formula: 


B(E,  fir)  =  1  +  a{E)\irehl'E^r 


(4.73) 


Taylor  formula: 


B{E,  fir)  =  A{E)e~amw  +  [l  -  A{E)]e~a2(E)]lr  (4.74) 

The  constants  a(E),  b(E),  A(E),  a^E),  and  a2(E)  have  been  determined  by  fitting  the 
results  of  calculations  to  these  analytic  expressions.  Appendix  E  provides  some  values  for 
the  Berger  formula  constants.  The  best  equations  for  the  gamma  buildup  factor  representa¬ 
tion  are  based  on  the  so-called  “geometric  progression”  (G-P)31  form.  The  G-P  function  has 
the  form 


B(E,  x)  =  l  +  (b-  1  )(KX  - 1  )/{I<  - 1)  K  *  l 
=  1  +  (b  -  l)x  K  =  1 


(4.75) 


K(x)  =  cxa  +  d 


tanh \(x/Xk)  -  2]  -  tanh(-2) 
1  -  tanh(-2) 


(4.76) 


where 

x  =  fir  =  distance  traveled  in  mfps 

b  =  value  of  B  for  x  =  1 

K  =  multiplication  factor  per  mfps 

a,  b,  c,  d,  Xk  =  parameters  that  depend  on  E 
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Extensive  tables  of  these  constants  are  given  in  Reference  30.  The  use  of  the  buildup 
factor  is  shown  in  Example  4.20.  More  examples  are  provided  in  Chapter  16  in  connection 
with  dose-rate  calculations. 


r 


EXAMPLE  4.20 

A  1-Ci  137Cs  source  is  kept  in  a  large  water  tank.  What  is  the  energy  deposition  rate  by 
the  gammas  at  a  distance  of  0.5  m  from  the  source? 

Answer 

Using  the  data  of  Example  4.19,  the  distance  traveled  by  the  0.662-MeV  photons  in 
water  is  gr  =  (0.00862  m2/kg)(0. 5  m)(103  kg/m3)  =  4.31  mfp.  From  Reference  31,  the 
energy  deposition  buildup  factor  is  B( 0.662,  4.31)  =  13.5. 

The  energy  deposition  rate  is 


MeV" 

S'kg, 


^  7x1  O10  xOfiS 

— - TCTfe-4-;n  x  0.003  2  7  x  0.662  x  1 3.5  =  3.93  x  1 06  MeV/(s  ■  kg) 

47t  x  0.52  6 


=  6.29  x  1  0“7J/(s  •  kg) 


J 


4.9  INTERACTIONS  OF  NEUTRONS  WITH  MATTER 

Neutrons,  with  protons,  are  the  constituents  of  nuclei  (see  Section  3.4).  Since  a  neutron 
has  no  charge,  it  interacts  with  nuclei  only  through  nuclear  forces.  When  it  approaches 
a  nucleus,  it  does  not  have  to  go  through  a  Coulomb  barrier,  as  a  charged  particle  does. 
As  a  result,  the  probability  (cross  section)  for  nuclear  interactions  is  higher  for  neu¬ 
trons  than  for  charged  particles.  This  section  discusses  the  important  characteristics  of 
neutron  interactions,  with  emphasis  given  to  neutron  cross  sections  and  calculation  of 
interaction  rates. 

4.9.1  Types  of  Neutron  Interactions 

The  interactions  of  neutrons  with  nuclei  are  divided  into  two  categories:  scattering  and 
absorption. 

4.9.1.1  Scattering 

In  this  type  of  interaction,  the  neutron  interacts  with  a  nucleus,  but  both  particles  reappear 
after  the  reaction.  A  scattering  collision  is  indicated  as  an  (n,  n)  reaction  or  as 

n  +  z X  — »  zX  +  n 

Scattering  may  be  elastic  or  inelastic.  In  elastic  scattering,  the  total  kinetic  energy  of 
the  two  colliding  particles  is  conserved.  The  kinetic  energy  is  simply  redistributed  between 
the  two  particles,  consistent  with  the  conservation  laws  of  energy  and  linear  momentum. 
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TABLE  4.6 

Absorptive  Reactions 

Reaction 

Name 

n  +  $X  ->  +  p 

(n,  p)  reaction 

n  +  $X  ->  zl\Y  +  )He 

(n,  a)  reaction 

n  +  $X  — >  AZ’X  +  2 n 

(n,  2 n)  reaction 

n  +  AX  -»  MZX  +  y 

( n ,  y)  reaction 

n+  ?X  ->  +  %Y2  +n  +  n  +  — 

Fission 

In  inelastic  scattering,  part  of  the  neutron  kinetic  energy  is  given  to  the  nucleus  as  an  exci¬ 
tation  energy.  After  the  collision,  the  excited  nucleus  will  return  to  the  ground  state  by 
emitting  one  or  more  y-rays. 

Scattering  reactions  are  responsible  for  neutrons  slowing  down  in  nuclear  fission  reac¬ 
tors.  Neutrons  emitted  in  fission  have  an  average  energy  of  about  2  MeV.  The  probability 
that  neutrons  will  induce  fission  is  much  higher  if  the  neutrons  are  very  slow — "thermal” — 
with  kinetic  energies  of  the  order  of  eV.  The  fast  neutrons  lose  their  kinetic  energy  as  a 
result  of  scattering  collisions  with  nuclei  of  a  “moderating”  material,  which  is  usually  water 
or  graphite. 

4.9.1. 2  Absorption 

If  the  interaction  is  an  absorption,  the  neutron  disappears,  but  one  or  more  other  particles 
appear  after  the  reaction  takes  place.  Table  4.6  illustrates  some  examples  of  absorptive 
reactions. 


4.9.2  Neutron  Reaction  Cross  Sections 

Consider  a  monoenergetic  parallel  beam  of  neutrons  hitting  a  thin  target*  of  thickness  £ 
(Figure  4.26).  The  number  of  reactions  per  second,  R,  taking  place  in  this  target  may  be 
written  as 


FIGURE  4.26  A  parallel  neutron  beam  hitting  a 
thin  target:  a  =  area  of  target  struck  by  the  beam. 


.R(reactions/s) 


^Neutrons  per  m2s)  f  Targets  exposed^ 

to  the  beam 

v  J 


hitting  the  target 


Probability  of  interaction 
per  «/m2  per  nucleus 


or 


R  =  I 


x 


nuclei  ^ 

An^j 


x  a(m2)  x  £(m) 


x  o(m2) 


(4.77) 


A  thin  target  is  one  that  does  not  appreciably  attenuate  the  neutron  beam  (see  Equation  4.80). 


www.Ebook777.com 


Energy  Loss  and  Penetration  of  Radiation  through  Matter  155 


where  I,  a,  and  t  are  shown  in  Figure  4.26.  The  parameter  0,  called  the  cross  section,  has  the 
following  physical  meaning: 


o(m2)  =  Probability  that  an  interaction  will  occur  per  target  nucleus 
per  neutron  per  m2  hitting  the  target 


It  must  be  noted  that  the  cross  section  0  represents  a  probability  despite  the  fact  that  it 
is  not  unitless  (like  a  “true”  mathematical  probability).  The  unit  of  0  is  the  barn  (b). 

lb  =  lCT24cm2  =10“28m2 


Since  the  nuclear  radius,  RN,  is  approximately  10_15-10-14  m,  1  b  is  approximately  equal 
to  the  cross-sectional  area  of  a  nucleus,  it Rn  ■ 

Neutron  cross  sections  are  defined  separately  for  each  type  of  reaction  and  isotope.  For 
example  one  defines 

0S  =  elastic  scattering  cross  section 
0,  =  inelastic  scattering  cross  section 
0fl  =  absorption  cross  section 
0Y  =  capture  cross  section 
Of  =  fission  cross  section 

The  total  cross  section,  that  is,  the  total  probability  that  a  reaction  of  any  type  will  take 
place  is  equal  to  the  sum  of  all  the  0’s: 

atot  =  ch  +  0/  +  0y+0/+  •••  (4-78) 

In  the  notation  used  here,  oa  =  0y  +  0^ 

Neutron  cross  sections  depend  strongly  on 

a.  The  energy  of  the  neutron 

b.  The  mass  number  A  (N,  Z )  of  the  target  nucleus/isotope 

Figures  4.27  and  4.28  show  the  total  cross  section  for  two  isotopes  over  the  same 
neutron  energy  range.  Note  the  vast  difference  between  the  two  0’s,  in  terms  of  both  their 
variation  with  energy  and  their  value  in  barns.  [All  available  information  about  cross 
sections  as  a  function  of  energy  for  all  isotopes  is  contained  in  the  Evaluated  Nuclear 
Data  Files  (known  as  ENDF)  stored  at  the  Brookhaven  National  Laboratory,  Upton,  NY, 
www.bnl.gov]. 

The  cross  section  0(b)  is  called  the  microscopic  cross  section.  Another  form  of  the 
cross  section,  also  frequently  used,  is  the  macroscopic  cross  section  Z  (m_1),  defined  by  the 
equation 


Z,(m  2)  =  A/'(nuclei/m3)[o1(m2)] 


(4.79) 


www.Ebook777.com 


156  Measurement  and  Detection  of  Radiation 


FIGURE  4.27  The  total  neutron  cross  section  of  27AI  from  5  to  600  eV  (BNL-325;  www.nndc.bnl.gov). 


FIGURE  4.28  The  total  neutron  cross  section  of  238U  from  5  to  600  eV  (BNL-325; 
www.nndc.bnl.gov). 
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and  having  the  following  physical  meaning: 

X;  =  probability  that  an  interaction  of  type  i  will  take  place  per  unit  distance  of  travel  of 
a  neutron  moving  in  a  medium  that  has  N  nuclei/m3. 

The  macroscopic  cross  section  is  analogous  to  the  linear  attenuation  coefficient  of 
y-rays  (Section  4.8.4).  If  a  parallel  beam  of  monoenergetic  neutrons  with  intensity  1(0) 
impinges  upon  a  material  of  thickness  t,  the  number  of  neutrons  that  emerges  without  hav¬ 
ing  interacted  in  the  material  is  (see  Figure  4.24) 

I(t)  =  l(0)e~Ztt  (4.80) 

where  Xf  =  Xs  +  X,-  +  Xa  H —  =  total  macroscopic  neutron  cross  section. 

As  with  y-rays, 

e"z'£  _  probability  that  the  neutron  will  travel  distance  t  without  an  interaction 


The  average  distance  between  two  successive  interactions,  the  mfp  X,  is 


X  = 


I, 


xe  ^ dx 


e^dx 


1 

X 


(4.81) 


r 


EXAMPLE  4.21 

What  are  the  macroscopic  cross  sections  Xs,  Za,  and  X,  for  thermal  neutrons  in  graphite? 
The  scattering  cross  section  is  os  =  4.8  b  and  the  absorption  cross  section  is  aa  =  0.0034 
b.  What  is  the  mfp? 

Answer 

For  graphite,  p  =  1.6  x  103  kg/m3  and  A  -  12.  Therefore, 

N  =  p  —  =  1.6x1 03  6,022  Xl°  =  8.03  x  1 028atoms/m3 
A  1 2  x  1 0”3 

Using  Equation  4.79, 

Xs  =  8.03  x  1 028  x  4.8  x  1 0-28  =  38.5  m_1  =  0.385  cm'1 

X„  =  8.03  x  1  028  x  0.0034  x  1 0“28  =  0.027  rrf1  =  0.00027  cm"1 

X,  =  Xs  +  Za  =  38.53  m"1  =  0.3853  cm"1 

The  mfp  is 


X  = 


- T  =  0.026m  =  2.6cm 

38.53m"1 


J 
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For  a  mixture  of  several  isotopes,  the  macroscopic  cross  section  is  calculated  by 

I  =  ZNjOij  (4.82) 


where 

a,y  =  microscopic  cross  section  of  isotope  j  for  reaction  type  i 
Nj  =  wpNJAj 

Wj  =  weight  fraction  of ;th  isotope  in  the  mixture 
p  =  density  of  mixture 

Equation  4.82  assumes  that  all  the  isotopes  act  independently,  that  is,  that  the  chemi¬ 
cal-crystal  binding  forces  are  negligible.  In  certain  cases,  especially  for  thermal  neutrons, 
these  binding  forces  play  an  important  role  and  cannot  be  ignored.  In  those  cases,  Equation 
4.82  does  not  apply. 


( - \ 

EXAMPLE  4.22 

What  is  the  total  macroscopic  absorption  cross  section  of  natural  uranium?  Natural  ura¬ 
nium  consists  of  0.711%  235U,  and  the  rest  is,  essentially,  238U.  For  thermal  neutrons,  the 
absorption  cross  sections  are  oa  (235U)  =  678  b  and  oa  (238U)  =  2.73  b. 

Answer 

The  density  of  uranium  is  19.1  x  103  kg/m3.  Therefore,  using  Equation  4.82, 

2(D)  =  0.00  71 1  x  19.1  x  1  03(kg/m3)  x  6,022  *  10  x  678  x  1 0“28  m2 
-  &  235  x  1 0”3  kg 

+  0.99289  x  1 9.1  x  1 03(kg/m3)  x  6'°22  X  10  x  2.73  x  1  0”28  m2 
&  238  x  1 0'3  kg 

=  (23.6  +  13. 1)m_1  =  36.7m”1  =  0.367cm"1 

V _ > 


4.9.3  Neutron  Flux 

The  neutron  flux  is  a  scalar  quantity  that  is  used  for  the  calculation  of  neutron  reaction 
rates.  In  most  practical  cases,  the  neutron  source  does  not  consist  of  a  parallel  beam  of  neu¬ 
trons  hitting  a  target.  Instead,  neutrons  travel  in  all  directions  and  have  an  energy  (or  speed) 
distribution.  A  case  in  point  is  the  neutron  environment  inside  the  core  of  a  nuclear  reactor. 
Neutron  reaction  rates  are  calculated  as  follows  in  such  cases. 

Consider  a  medium  that  contains  neutrons  of  the  same  speed  D,  but  moving  in  all 
directions.  Assume  that  at  some  point  in  space  the  neutron  density  is  n  (neutrons/m3).  If  a 
target  is  placed  at  that  point,  the  interaction  rate  R  [reactions/(m3-s)]  will  be  equal  to 

f  Probability  of  interaction  per  uniO 
distance  traveled  by  one  neutron 


'  Distance  traveled  by  all 3 

neutrons  in  1  m3 

V  2 
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or 


R  = 


The  product  nx>,  which  has  the  units  of  neutrons/(m2  •  s)  and  represents  the  total  path- 
length  traveled  per  second  by  all  the  neutrons  in  1  m3,  is  called  the  neutron  flux  <(>: 


(4.83) 


Although  the  units  of  neutron  flux  are  «/(m2-s),  the  value  of  the  flux  (|>(r)  at  a  particular 
point  r  does  not  represent  the  number  of  neutrons  that  would  cross  1  m2  placed  at  point  r. 
The  neutron  flux  is  equal  to  the  number  of  neutrons  crossing  1  m2  in  1  s,  only  in  the  case  of  a 
parallel  beam  of  neutrons.  Using  Equation  4.83,  the  expression  for  the  reaction  rate  becomes 


(4.84) 


r 


EXAMPLE  4.23 


What  is  the  fission  rate  at  a  certain  point  inside  a  nuclear  reactor  where  the  neutron  flux 
is  known  to  be  (|)  =  2.5  x  1014  neutrons/(m2-s),  if  a  thin  foil  of  235U  is  placed  there?  The 
fission  cross  section  for  235U  is  ctf=  577  b. 

Answer 

The  macroscopic  fission  cross  section  is 


6.022  x  1023 
235  x  10“3 


x  577  x  1 0"28  =  2824  rrf1  =  28.24  cm3 


2  =  l\lof  =  19.1  x  10 


and 


R,  =  <])Xf  =  (2.5  x  1014)2824  =  7.06  x  10"  fissions/(m3  s) 
=  7.06  x  10"  fissions/(cm3  s) 


Rf  =  <] )X,  =  2.5x1 014n/(m2  s)  x  2824  m  1  =  7.06  x  1 017fissions/(m3  s) 


J 


Another  quantity  related  to  the  flux  and  used  in  radiation  damage  calculations  is  the 
neutron  fluence  F,  defined  by  the  integral  of  the  flux  over  time: 


(4.85) 


with  the  limits  of  integration  taken  over  the  time  of  exposure  to  the  flux  c|)(f). 
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4.9.4  Interaction  Rates  of  Polyenergetic  Neutrons 

Equation  4.84  gives  the  reaction  rate  for  the  case  of  monoenergetic  neutrons.  In  practice, 
and  especially  for  neutrons  produced  in  a  reactor,  the  flux  consists  of  neutrons  that  have  an 
energy  spectrum  extending  from  E  =  0  up  to  some  maximum  energy  £max.  In  such  a  case, 
since  the  neutron  cross  sections  depend  on  the  neutron  energy,  the  reaction  rate  is  calcu¬ 
lated  as  follows.  Let 

§(E)dE  =  Neutron  flux  consisting  of  neutrons  with  kinetic  energy  between 
E  and  E  +  dE 

a,(£)  =  Cross  section  for  reaction  type  i  for  neutrons  with  kinetic  energy  E 
N  =  Number  of  targets  per  m3  (stationary  targets) 


The  reaction  rate  is  given  by  the  integral 


R 


|reactions/(m3s)jj  =  <| )(£)No,(£) 


(4.86) 


where  the  integration  extends  over  the  neutron  energy  range  of  interest.  The  total  flux  is 


(|>  =  ^{E)dE 


(4.87) 


In  practice,  an  average  cross  section  is  defined  in  such  a  way  that,  when  is  multiplied  by 
the  total  flux,  it  gives  the  reaction  rate  of  Equation  4.86,  that  is, 


I 


R=\dE  <t>(£)No,(£)  =  <|)E  =  c \>Nd 


(4.88) 


from  which  the  definition  of  the  average  cross  section  is 

[dE^E^AE) 

°i  =  Ll - 

U(E)dE 


(4.89) 


The  calculation  of  average  cross  sections  is  beyond  the  scope  of  this  text.  The  reader 
should  consult  proper  books  on  reactor  physics.  The  main  purpose  of  this  short  discussion 
is  to  alert  the  reader  to  the  fact  that,  when  polyenergetic  neutrons  are  involved,  an  appropri¬ 
ate  average  cross  section  should  be  used  for  the  calculation  of  reaction  rates. 
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PROBLEMS 

4.1  Calculate  the  stopping  power  due  to  ionization  and  excitation  of  a  2-MeV  electron 
moving  in  water.  What  is  the  radiation  energy  loss  rate  of  this  particle?  What  is  the 
total  energy  radiated? 

4.2  Calculate  the  stopping  power  in  aluminum  for  a  6-MeV  alpha  particle. 

4.3  What  is  the  radiation  (bremsstrahlung)  energy  loss  rate  of  a  2-MeV  electron 
moving  in  Fe?  What  fraction  of  the  kinetic  energy  of  this  electron  will  be  lost  as 
radiation? 

4.4  The  window  of  a  Geiger-Muller  detector  is  made  of  mica  and  has  a  thickness  of 
0.02  kg/m2  (p  =  2.6  x  103  kg/m3).  For  mica  composition,  use  NaAl3Si3O10(OH)2. 

a.  What  is  the  minimum  electron  energy  that  will  just  penetrate  this  window? 

b.  What  is  the  energy  loss,  in  MeV/mm,  of  an  electron  with  the  kinetic  energy 
determined  in  (a)  moving  in  mica? 

c.  What  is  the  energy  loss,  in  MeV/mm,  of  a  6-MeV  alpha  particle  moving  in  mica? 

d.  Will  a  6-MeV  alpha  particle  penetrate  this  mica  window? 

4.5  Beta  particles  emitted  by  32P(£max  =  1.7  MeV)  are  counted  by  a  gas-filled  detector. 
Assuming  that  the  window  of  the  detector  causes  negligible  energy  loss,  what  gas 
pressure  is  necessary  to  stop  all  the  betas  inside  the  detector  if  the  length  of  the 
detector  is  100  mm?  Assume  that  the  gas  is  argon. 

4.6  What  is  the  kinetic  energy  of  an  alpha  particle  that  will  just  penetrate  the  human 
skin?  For  the  skin,  assume  1=1  mm;  p  =  103  kg/m3;  65%  O,  18%  C,  10%  H,  7%  N. 

4.7  Repeat  Problem  4.6  with  an  electron. 

4.8  What  is  the  range  of  a  3-MeV  electron  in  tissue?  For  tissue  composition  use:  11% 
H,  65%  O,  24%  C. 

4.9  Assuming  that  a  charged  particle  loses  energy  linearly  with  distance,  derive  the 
function  T  =  T(x),  where  T(x)  =  kinetic  energy  of  the  particle  after  going  through 
thickness  x.  The  initial  kinetic  energy  is  T0,  and  the  range  is  R. 

4.10  A  beam  of  6-MeV  alpha  particles  strikes  a  gold  foil  with  thickness  equal  to  one- 
third  of  the  alpha  range.  What  is  the  total  energy  loss  of  the  alpha  particle  as  it  goes 
through  this  foil? 

4.11  What  is  the  energy  deposited  in  a  piece  of  paper  by  a  beam  of  1.5-MeV  electrons? 
Assume  that  the  paper  has  the  composition  CH2,  thickness  0.1  mm,  and  density 
800  kg/m3.  The  incident  parallel  electron  beam  consists  of  108  electrons/(m2-s). 
Give  your  result  in  MeV/(cm2-s)  and  J/(m2-s). 

4.12  What  is  the  range  of  10-MeV  proton  in  air  at  1  atm?  What  is  the  range  at  10  atm? 

4.13  What  is  the  range  of  a  4-MeV  deuteron  in  gold? 

4.14  A  1.5-MeV  gamma  undergoes  Compton  scattering.  What  is  the  maximum  energy 
the  Compton  electron  can  have?  What  is  the  minimum  energy  of  the  scattered 
photon? 

4.15  The  energy  of  a  Compton  photon  scattered  to  an  angle  of  180°  is  0.8  MeV.  What  is 
the  energy  of  the  incident  photon? 
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4.16  Prove  that  a  gamma  scattered  by  180°,  as  a  result  of  a  Compton  collision,  cannot 
have  energy  greater  than  me1 12,  where  me1  =  0.511  MeV  is  the  rest  mass  energy  of 
the  electron. 

4.17  Prove  that  the  attenuation  coefficient  of  gammas  for  a  compound  or  a  mixture  can 
be  written  as 

H 

|i(m2/kg)  =  Will,- (m2 /kg) 

<=i 

where 

wi  =  weight  fraction  of  the  z'th  element 

p,  =  total  mass  attenuation  coefficient  of  the  z'th  element 

4.18  A  gamma-emitting  isotope  is  detected  by  a  Ge  detector  that  is  5-mm  thick.  The 
isotope  emits  two  gammas:  1.5  MeV  and  3.5  MeV.  Determine  for  each  photon, 
assuming  they  move  parallel  to  the  detector  axis 

a.  The  fraction  of  gammas  that  traverses  the  detector  without  any  interaction 

b.  The  average  distance  traveled  in  the  detector  before  the  first  interaction  takes 
place 

c.  Fraction  of  interactions  in  the  detector  that  are  photoelectric 

d.  Fraction  of  interactions  that  are  pair  production 
Attenuation  coefficients: 


£ 

|l(cm2/g) 

T(cm2/g) 

K(cmVg) 

1.5 

0.0465 

3.29  x  1 0^ 

4.41  x  10^ 

3.5 

0.0340 

9.1  x  10~5 

5.78  x  ICC3 

4.19  A  parallel  beam  of  gammas  impinges  upon  a  multiple  shield  consisting  of  succes¬ 
sive  layers  of  concrete,  Fe,  and  Pb,  each  layer  having  thickness  100  mm.  Calculate 
the  fraction  of  gammas  traversing  this  shield.  The  total  attenuation  coefficients 
are  p(concrete)  =  0.002  m2/kg,  p(Fe)  =  0.004  m2/kg,  and  p(Pb)  =  0.006  m2/kg; 
Pconcrete  =  2-3  X  103  l<g/m3. 

4.20  A  researcher  is  using  a  100-mCi  22Na  source  for  an  experiment.  Health  Physics 
requirements  dictate  that  he  use  a  Pb  shield  of  such  thickness  that  the  total  gamma 
flux  outside  the  shield  is  no  more  than  2000y/cm2  ■  s.  Determine  the  thickness  of 
the  shield. 

4.21  The  isotope  95Nb  emits  betas  with  £max  =  0.160  MeV  and  a  gamma  ray  with  energy 
0.765  MeV,  100%  of  the  time.  A  1-mCi  source  of  this  isotope  is  kept  behind  a  2-cm- 
thick  A1  shield.  What  is  the  total  beta  and  gamma  flux  at  1  m  from  the  source? 
For  buildup  factor,  if  needed,  use  the  Berger  formula;  use  constants  for  concrete, 
Appendix  E. 

4.22  Assume  that  a  parallel  beam  of  3-MeV  gammas  and  a  parallel  beam  of  2-MeV 
neutrons  impinge  upon  a  piece  of  lead  50-mm  thick.  What  fraction  of  y’s  and  what 
fraction  of  neutrons  will  emerge  on  the  other  side  of  this  shield  without  any  inter¬ 
action?  Based  on  your  result,  what  can  you  say  about  the  effectiveness  of  lead  as  a 
shield  for  y’s  or  neutrons?  [o(2  MeV)  =  3.5  b.] 

4.23  What  are  the  capture,  fission,  and  total  macroscopic  cross  sections  of  uranium 
enriched  to  90%  in  235U  for  thermal  neutrons?  (p  =  19.1  x  103  kg/m3.) 
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U: 

oY  =  101b 

of  =  577b 

Os  =  8.3  b 

U: 

Oy  =  2.7b 

o 

II 

O 

-O 

00 

II 

O 

4.24  What  is  the  average  distance  a  thermal  neutron  will  travel  in  90%  enriched  ura¬ 
nium  (see  Problem  4.23)  before  it  has  an  interaction? 

4.25  The  water  in  a  pressurized-water  reactor  contains  dissolved  boron.  If  the  boron 
concentration  is  800  parts  per  million,  what  is  the  mfp  of  thermal  neutrons?  The 
microscopic  cross  sections  are 

H20:  0s  =  103b  0a  =  0.65b 
Boron:  as  =  4b  oa  =  759b 

4.26  (a)  What  is  the  mfp  of  0.0253  eV  neutrons  in  Zr?  For  Zr:  A  =  55.8,  p  =  6.5  g/cm3, 
Os  =  8b,oa  =  0.18  b.  (b)  To  a  first  approximation,  what  is  the  probability  that  such 
a  neutron  will  interact  as  it  goes  through  a  2-mm-thick  Zr  wall?  (c)  What  is  the 
probability  that  the  neutron  will  be  absorbed? 
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Gas-Filled  Detectors 


5.1  INTRODUCTION 

Gas-filled  detectors  operate  by  utilizing  the  ionization  produced  by  radiation  as  it  passes 
through  a  gas.  Typically,  such  a  detector  consists  of  two  electrodes  to  which  a  certain  elec¬ 
trical  potential  is  applied.  The  space  between  the  electrodes  is  filled  with  a  gas  (Figure  5.1). 
Ionizing  radiation,  passing  through  the  space  between  the  electrodes,  dissipates  part  or  all 
of  its  energy  by  generating  electron-ion  pairs.  Both  electrons  and  ions  are  charge  carriers 
that  move  under  the  influence  of  the  electrical  field.  Their  motion  induces  a  current  on  the 
electrodes,  which  may  be  measured  (Figure  5.1a).  Or,  through  appropriate  electronics,  the 
charge  produced  by  the  radiation  may  be  transformed  into  a  pulse,  in  which  case  particles 
are  counted  individually  (Figure  5.1b).  The  first  type  of  detector  (Figure  5.1a)  is  called  cur¬ 
rent  or  integrating  chamber,  the  second  type  (Figure  5.1b)  is  called  pulse  chamber.  To  get  an 
idea  of  what  charges  and  currents  one  might  expect  to  measure,  consider  this  representa¬ 
tive  example. 

For  most  gases,  the  average  energy  required  to  produce  an  electron-ion  pair  is  about 
30  eV.  This  number  takes  into  account  all  collisions,  including  those  that  lead  to  excitation. 
If  a  3-MeV  alpha  (or  a  beta)  particle  deposits  all  its  energy  in  the  detector,  it  will  produce, 
on  the  average, 


3  x  106 
30 


105electron-ion  pairs 


165 
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(b) 


-►  To  amplification 
unit 


FIGURE  5.1  Atypical  gas-filled  detector:  (a)  the  direct  current  produced  in  the  circuit  is  measured; 
(b)  individual  pulses  are  detected. 

A  typical  gas-filled  detector*  has  a  capacitance  of  about  50  pF,  and  the  charge  will  be 
collected  in  a  time  of  the  order  of  1  |is.  If  all  the  charge  created  by  the  3-MeV  particle  is 
collected,  the  voltage  and  current  expected  are  of  the  order  of 


V  = 


Q 

C 


t 


105  x  1.6  x  !CT19C/el 
50  x  1(T12F 

10s  x  1.6  x  1(T19  , 

- s - A  ~ 

10“6 


=  0.5  x  1(T3V  =  0.5  mV 


1.6  x  1CT8A 


with  both  values  well  within  our  measuring  ability  with  standard  instruments. 

In  an  ionized  gas  without  an  electric  field,  electrons  and  positive  ions  will  move  at  ran¬ 
dom  with  an  average  kinetic  energy  equal  to  (3/2)  kT,  where  k  =  Boltzmann  constant  and 
T  =  temperature  of  the  gas  (kelvin).  When  an  electric  field  is  present,  both  electrons  and 
positive  ions  acquire  a  net  velocity  component  along  the  lines  of  the  electric  field.  Electrons 
move  toward  the  positive  electrode;  positive  ions  toward  the  negative  one.  The  force  on 
either  charge  carrier  is  the  same  and  is  equal  to  F  =  Ee,  where  E  =  electric  field  intensity,  but 
the  acceleration  is  quite  different.  The  acceleration  a  is  equal  to  FIM,  where  M  is  the  mass 
of  the  ion  or  electron.  Therefore,  the  acceleration  of  an  electron  will  be  thousands  of  times 
larger  than  the  acceleration  of  an  ion.  The  time  it  takes  the  electrons  to  reach  the  positive 
electrode  of  a  typical  detector  is  about  1  |is.  The  corresponding  time  for  the  positive  ions  is 
about  1  ms,  a  thousand  times  longer. 

The  discussion  up  to  this  point  has  been  limited  to  the  effects  of  the  ionization  produced 
directly  by  the  incident  particle.  This  is  called  primary  ionization.  There  are  types  of  gas-filled 
detectors  in  which  the  electric  field  is  so  strong  that  the  electrons  of  the  primary  ionization 
acquire  enough  kinetic  energy  between  collisions  to  produce  new  electron-ion  pairs.  These 
new  charges  constitute  the  secondary  ionization.  Primary  and  secondary  ionizations  are  gen¬ 
erated  within  such  a  short  period  of  time  that  they  contribute  to  one  and  the  same  pulse. 


5.2  RELATIONSHIP  BETWEEN  HIGH  VOLTAGE 
AND  CHARGE  COLLECTED 

Assume  that  the  following  experiment  is  performed  (Figure  5.2).  A  radioactive  source  of 
constant  intensity  is  placed  at  a  fixed  distance  from  a  gas-filled  detector.  The  high  voltage 


Although  the  correct  term  is  gas-filled  detector,  the  short  term  gas  counter  is  also  used. 
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(HV)  applied  to  the  detector  may  be  varied  with  the  help  of 
a  potentiometer.  An  appropriate  meter  measures  the  charge 
collected  per  unit  time.  If  the  HV  applied  to  the  detector 
is  steadily  increased,  the  charge  collected  per  unit  time 
changes  as  shown  in  Figure  5.3.  The  curve  of  Figure  5.3  is 
divided  into  five  regions,  which  are  explained  as  follows: 

Region  I.  When  the  voltage  is  very  low,  the  electric 
field  in  the  detector  is  not  strong,  electrons  and  ions 
move  with  relatively  slow  speeds,  and  their  recombi¬ 
nation  rate  is  considerable.  As  V  increases,  the  field 
becomes  stronger,  the  carriers  move  faster,  and  their 
recombination  rate  decreases  up  to  the  point  where 
it  becomes  zero.  Then,  all  the  charge  created  by  the 
ionizing  radiation  is  being  collected  (V=  V,).  Region 
I  is  called  the  recombination  region. 

Region  II.  In  region  II,  with  voltage  between  V1  and  Vu,  the  charge  collected  stays  con¬ 
stant  despite  a  change  in  the  voltage  because  the  recombination  rate  is  zero  and  no 
new  charge  is  produced.  This  is  called  the  ionization  region. 

Region  III.  In  this  region,  with  voltage  between  Vn  and  Vm,  the  collected  charge  starts 
increasing  because  the  electrons  produce  secondary  ionization  that  results  in  charge 
multiplication.  The  electric  field  is  so  strong,  in  a  certain  fraction  of  the  detector 
volume,  that  electrons  from  the  primary  ionization  acquire  enough  energy  between 
collisions  to  produce  additional  ionization.  The  charge  multiplication  factor—  that 
is,  the  ratio  of  the  total  ionization  produced  divided  by  the  primary  ionization— 
is,  for  a  given  voltage,  independent  of  the  primary  ionization.  Thus  the  output  of 
the  detector  is  proportional  to  the  primary  ionization.  The  pulse  height  at  the  out¬ 
put  is  proportional  to  the  energy  dissipated  inside  the  detector;  therefore,  particle 


Source 

4 —  • 


FIGURE  5.2  Experimental  setup  for  the  study  of  the  rela¬ 
tionship  between  high  voltage  applied  and  charge  collected. 


FIGURE  5.3  The  relationship  between  voltage  applied  to  the  detector  and  charge  collected. 
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FIGURE  5.4  The  relationship  between  charge  collected  and  applied  voltage  for  three  different 
types  of  particles.  In  region  IV,  the  curve  increases  slightly  but  is  the  same  for  all  particles. 

identification  and  energy  measurement  are  possible.  This  region  is,  appropriately 
enough,  called  the  proportional  region. 

Region  IV.  In  this  region,  with  voltage  between  Vm  and  Viv,  the  electric  field  inside  the 
detector  is  so  strong  that  a  single  electron-ion  pair  generated  in  the  chamber  is 
enough  to  initiate  an  avalanche  of  electron-ion  pairs.  This  avalanche  will  produce  a 
strong  signal  with  shape  and  height  independent  of  the  primary  ionization  and  the 
type  of  particle,  a  signal  that  depends  only  on  the  electronics  of  the  detector.  Region 
IV  is  called  the  Geiger-Muller  (GM)  region. 

Region  V.  If  the  applied  voltage  is  raised  beyond  the  value  Viv,  a  single  ionizing  event 
initiates  a  continuous  discharge  in  the  gas,  and  the  device  is  not  a  particle  detector 
anymore.  No  gas-filled  detector  should  operate  with  voltage  V >  Vlv. 

If  the  graph  discussed  above  is  obtained  using  an  a,  (3,  or  y  source,  the  results  will  be 
as  shown  in  Figure  5.4. 

5.3  VARIOUS  TYPES  OF  GAS-FILLED  DETECTORS 

Gas-filled  detectors  take  their  name  from  the  voltage  region  ion  which  they  operate.  No 
detector  operates  in  region  I  of  Figure  5.3,  because  a  slight  change  in  voltage  will  change 
the  signal.  In  addition,  the  signal  is  weak  since  most  of  the  charges  recombine  and  do  not 
contribute  to  the  signal. 

Ionization  chambers  operate  in  region  II.  No  charge  multiplication  takes  place.  The 
output  signal  is  proportional  to  the  particle  energy  dissipated  in  the  detector;  therefore, 
measurement  of  particle  energy  is  possible.  Since  the  signal  from  an  ionization  chamber 
is  not  large,  only  strongly  ionizing  particles  such  as  alphas,  protons,  fission  fragments,  and 
other  heavy  ions  are  detected  by  such  detectors.  The  voltage  applied  is  less  than  1000  V. 

Proportional  counters  operate  in  region  III.  Charge  multiplication  takes  place,  but  the 
output  signal  is  still  proportional  to  the  energy  deposited  in  the  counter.  Measurement 
of  particle  energy  is  possible.  Proportional  counters  may  be  used  for  the  detection  of  any 
charged  particle. 
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Identification  of  the  type  of  particle  is  possible  with  both  ionization  and  proportional 
counters.  An  alpha  particle  and  an  electron  having  the  same  energy  and  entering  either  of 
the  detectors  will  give  a  different  signal.  The  alpha  particle  signal  will  be  bigger  than  the  elec¬ 
tron  signal.  The  voltage  applied  to  proportional  counters  ranges  between  800  and  2000  V. 

GM  counters  operate  in  region  IV.  GM  counters  are  very  useful  because  their  opera¬ 
tion  is  simple  and  they  provide  a  very  strong  signal,  so  strong  that  a  preamplifier  is  not 
necessary.  They  can  be  used  with  any  kind  of  ionizing  radiation  (with  different  levels  of  effi¬ 
ciency).  The  disadvantage  of  GM  counters  is  that  their  signal  is  independent  of  the  particle 
type  and  its  energy.  Therefore,  a  GM  counter  provides  information  only  about  the  number 
of  particles.  Another  minor  disadvantage  is  their  relatively  long  dead  time  (100-300  ps). 
(For  more  details  about  dead  time,  see  Sections  2.21  and  5.6.2.)  The  voltage  applied  to  GM 
counters  ranges  from  500  to  2000  V. 

Gas-filled  detectors  may  be  constructed  in  any  of  three  basic  geometries:  parallel  plate, 
cylindrical,  or  spherical  (Figure  5.5).  In  a  parallel-plate  chamber,  the  electric  field  (ignoring 
edge  effects)  is  uniform,  with  strength  equal  to 

E  =  ?*-  (5.1) 

d 


In  the  cylindrical  chamber,  the  voltage  is  applied  to  a  very  thin  wire,  a  few  mills  of  an 
inch  in  diameter,  stretched  axially  at  the  center  of  the  cylinder.  The  cylinder  wall  is  usually 
grounded.  The  electric  field  is,  in  this  case, 


E{r) 


Vn  1 


In  fold)  r 


(5.2) 


where 

a  =  radius  of  the  central  wire 

b  =  radius  of  the  detector 

r  =  distance  from  the  center  of  the  detector 

It  is  obvious  from  Equation  5.2  that  very  strong  electric  fields  can  be  maintained  inside 
a  cylindrical  detector  close  to  the  central  wire.  Charge  multiplication  is  achieved  more  eas¬ 
ily  in  a  cylindrical  than  in  a  plate-type  gas  detector.  For  this  reason,  proportional  and  GM 
counters  are  manufactured  with  cylindrical  geometry. 


FIGURE  5.5  The  different  geometries  of  gas-filled  detectors:  (a)  parallel  plate;  (b)  cylindrical; 
(c)  spherical. 
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In  a  spherical  detector,  the  voltage  is  applied  to  a  small  sphere  located  at  the  center  of 
the  detector.  The  wall  of  the  detector  is  usually  grounded.  The  electric  field  is 


(5.3) 


where  a,  b,  and  r  have  the  same  meaning  as  in  cylindrical  geometry.  Strong  fields  may  be 
produced  in  a  spherical  counter,  but  this  type  of  geometry  is  not  popular  because  of  con¬ 
struction  difficulties. 

A  detector  filled  with  a  gas  at  a  certain  pressure  may  operate  in  any  of  the  regions  II-IV 
discussed  earlier,  depending  on  a  combination  of  the  following  parameters: 

1.  Size  and  geometry  of  the  detector 

2.  Size  of  wire 

3.  Gas  type 

4.  Gas  pressure 

5.  Level  of  high  voltage 

Normally,  gas-filled  detectors  are  manufactured  to  operate  in  one  region  only.  The  user 
buys  an  ionization  counter,  a  proportional  counter,  or  a  GM  counter.  The  manufacturer 
has  selected  the  combination  of  variables  1-4  listed  above  that  results  in  the  desired  type 
of  gas-filled  detector.  The  last  variable,  the  high  voltage  applied,  is  not  a  fixed  number,  but 
a  range  of  values.  The  range  is  specified  by  the  manufacturer,  but  the  user  decides  on  the 
best  possible  value  of  HV. 

The  rest  of  this  chapter  discusses  the  special  characteristics  of  the  three  types  of  gas- 
filled  detectors. 


5.4  IONIZATION  CHAMBERS 

5.4.1  Pulse  Formation  in  an  Ionization  Chamber 

The  formation  and  shape  of  the  signal  in  an  ionization  chamber  will  be  analyzed  for  a 


parallel-plate  detector  as  shown  in  Figure  5.1b.  The  analysis  is  similar  for  a  cylindrical  or  a 


spherical  chamber. 

Consider  the  ionization  chamber  shown  in  Figure  5.6.  The  two  parallel  plates  make  a 
capacitor  with  capacitance  C,  and  with  the  resistor  R,  an  RC  circuit  is  formed.  A  constant 
voltage  V0  is  applied  on  the  plates.  The  time-dependent  voltage  V(t)  across  the  resistor  R 
represents  the  signal.  The  objective  of  this  section  is  to  obtain  the  function  V(t). 

Assume  that  one  electron-ion  pair  has  been  formed  at  a  distance  x0  from  the  collecting 
plate  (collector).  The  electron  and  the  ion  start  moving  in  the  electric  field,  and  they  acquire 
kinetic  energy  at  the  expense  of  the  electrostatic  energy  stored  in  the  capacitance  of  the 
chamber.  If  the  charge  moves  a  distance  dx,  conservation  of  energy  requires  that 

Work  on  charges  =  change  in  electrostatic  energy 


v  ^  / 


(5.4) 
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where 

E  =  electric  field  intensity 
Q  =  charge  on  chamber  plates 
dQ+,  dQ ~  =  changes  in  positive,  negative 
charge,  respectively 

It  is  assumed  that  the  change  in  the  charge 
{dQ)  is  so  small  that  the  voltage  V0  stays  essen¬ 
tially  constant.  The  voltage  V{t )  across  the  resis¬ 
tor  R  is  the  result  of  this  change  in  the  charge 
and  is  given  by 

t  t 

v(t)  =  ^  J  dm  =  ^  J  ( dQ+  +  dQ~)  (5.5) 

0  0 


Collecting 

electrode 


FIGURE  5.6  The  electronic  circuit  of  a  parallel-plate  ionization  chamber. 


Substituting  in  Equation  5.5  the  value  of  dQ  from  Equation  5.4,  one  obtains 


t 

V{t)  =  1  [  — E{dx+  -  dx~)  (5.6) 

C  J  Vo 

o 


Let 

w+  =  drift  velocity  of  positive  ions 

w~—  drift  velocity  of  electrons 

In  general,  the  drift  velocity  is  a  function  of  the  reduced  field  strength  Etp,  where  p 
is  the  gas  pressure  in  the  chamber. 

The  derivation  up  to  this  point  is  independent  of  the  chamber  geometry.  To  proceed 
further  requires  substitution  of  the  value  of  the  electric  field  from  Equations  5.1,  5.2,  or  5.3. 
For  a  plate-type  ionization  chamber,  the  field  is  constant  (Equation  5.1),  independent  oix, 
and  so  is  the  drift  velocity.  Therefore,  Equation  5.6  becomes 

t 

V(t )  =  \{w+  +  w~)dt  =  — — ( w~t  +  w+t)  (5.7) 

Cd  J  Cd 

o 

The  drift  velocity  of  the  electron  is  a  few  thousand  times  more  than  the  velocity  of 
the  ion,*  which  means  the  electron  will  reach  the  collector  plate  before  the  ion  has  hardly 
moved.  Let 


T(+)  =  time  it  takes  for  an  ion  to  reach  the  cathode 

TE)  =  time  it  takes  for  an  electron  to  reach  the  collector  (anode) 


Typical  values  of  drift  velocities  are  w*  ~  10  m/s,  w  =  104  -  105  m/s. 
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Typical  values  of  these  times  are 


T<+)  =  ms  TO «  \xs 


Equation  5.7  shows  that  for  t  <  TO,  the  voltage  V{t )  changes  linearly  with  time  (Figure  5.7): 


V(t) 


(w~  +  w+)t  0  <t<  Th 


(5.8) 


FIGURE  5.7  The  voltage 
pulse  generated  by  an 
ionization  chamber. 


For  T  >  TO,  the  signal  is 


m 


~—(x0  +  w+t)  t  >  r(  1 


(5.9) 


Finally,  after  t  =  TO,  the  ion  reaches  the  grounded  cathode  and  the  signal  reaches  its 
maximum  (negative)  value,  which  is 


V(T+) 


t  >  Ti+) 


(5.10) 


If  N  electron-ion  pairs  are  produced,  the  final  voltage  will  be 


V(T+) 


Ne 


Cd 


x0, 


t  =  T(+) 


(5.11) 


(b) 


Time 


FIGURE  5.8  (a)  The 

signal  l/,(f)  is  fed  into  the 
RC  circuit,  (b)  The  output 
of  the  RC  circuit  decays 
quickly  with  a  decay  con¬ 
stant  R0C0. 


For  t  >  TO,  the  pulse  decays  with  decay  constant  RC  (see  Section  10.3). 

The  pulse  profile  of  Figure  5.7  was  derived  under  the  assumption  that  all  ion  pairs 
were  produced  at  x  =  xQ.  Actually,  the  ionization  is  produced  along  the  track  traveled  by  the 
incident  particle.  The  final  pulse  will  be  the  result  of  the  superposition  of  many  pulses  with 
different  TO  values.  Because  of  this  effect,  the  sharp  change  in  slope  at  t  =  TO  will  disap¬ 
pear  and  the  pulse  will  be  smoother. 

The  pulse  of  Figure  5.7  is  not  suitable  for  counting  individual  particles  because  it  does 
not  decay  quickly  enough.  A  pulse-type  detector  should  produce  a  signal  that  decays  faster 
than  the  average  time  between  the  arrival  of  two  successive  particles.  For  example,  if  the 
counting  rate  is  1000  counts/min,  a  particle  arrives  at  the  detector,  on  the  average,  every 
1/1000  min  (60  ms). 

In  Figure  5.7,  the  pulse  could  be  stopped  at  time  t  =  T(+)  by  electronic  means.  Such  a 
technique  would  produce  pulses  with  height  proportional  to  the  total  charge  generated  in 
the  detector,  but  with  a  duration  of  a  few  hundreds  of  microseconds,  which  is  unacceptably 
long.  The  method  used  in  practice  is  to  “chop  off’'  the  pulse  at  time  t  =  TO ,  which  amounts 
to  stopping  the  pulse  after  only  the  electrons  are  collected.  The  signal  is  then  fed  into  an  RC 
circuit  that,  as  described  in  Chapter  10,  changes  the  pulse  as  shown  in  Figure  5.8. 

Fet  Vj(f)  be  the  signal  at  the  output  of  the  detector  that  is  used  as  an  input  to  an  RC 
circuit.  From  Equation  5.8, 


W) 


+  w+)t  =  kt 


(5.8a) 
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Using  this  signal  as  an  input,  the  output  voltage  across  the  resistor  R0  is  (see  Sections 
10.3  and  10.4),  for  0  <  t  <  r(_)  (Figure  5.7), 

Vo(f)  =  kC0R0{l  -  e~tlCoR°)  (5.12) 

For  t  >  T(-\  Vfjt)  is  essentially  constant,  and 

V0 (f)  =  ArC0£<^l  -  e-(r<_)/CoJ*°)l  e-(‘i«oC0)  (5.13) 


The  signal  V0 (t)  is  shown  in  Figure  5.8b.  Usually,  the  RC  circuit  is  the  first  stage  of  the 
preamplifier,  which  accepts  the  signal  of  the  ionization  chamber. 

The  disadvantage  of  the  signal  in  Figure  5.8b  is  that  its  maximum  value  depends  on 
the  position  where  the  ionization  was  produced.  Indeed,  from  Equation  5.12,  one  obtains 
for  t=  7^  (noting  that  k  =  -e(w~  +  w+)ICd  ~  -ew~ICd,  since  w~  »  w+,  r(_)  -C  C0R0,  and 
T(-)  =  Xo/w-) 


V{Th)  =  ~(ew~ /Cd)C0R0(l  -  e'rH/Co*° )  «  -(ex0 ICd)  (5.14) 

Thus  the  peak  value  of  the  pulse  in  Figure  5.8b  depends  on  x0.  This  disadvantage  can 
be  corrected  in  several  ways.  One  is  by  placing  a  grid  between  the  two  plates  and  keeping  it 
at  an  intermediate  voltage  Vg  (0  <  Vg  <  V0).  For  more  details  about  the  “gridded”  ionization 
chamber,  the  reader  should  consult  the  references  at  the  end  of  this  chapter. 

The  analysis  of  the  pulse  formation  in  a  cylindrical  or  a  spherical  detector  follows  the 
same  approach.  The  results  are  slightly  different  because  the  electric  field  is  not  constant 
(see  Equations  5.2  and  5.3),  but  the  general  shape  of  the  signal  is  that  shown  in  Figure  5.7 
(see  Franzen  and  Cochran,  1962  and  Kowalski,  1970  for  detailed  calculations  of  the  pulse 
shapes  for  the  three  geometries  of  gas-filled  chambers)  and  after  electronic  truncation  is 
that  of  Figure  5.8b. 

5.4.2  Current  Ionization  Chambers 

An  ionization  chamber  of  the  current  type  measures  the  average  ionization  produced  by 
many  incoming  particles.  This  is  achieved  by  measuring  directly  the  electrical  current  gen¬ 
erated  in  the  chamber,  using  either  a  sensitive  galvanometer 
for  currents  of  10“8  A  or  higher  (Figure  5.9),  or  an  electrometer 
(sometimes  with  an  amplifier)  for  currents  less  than  10-8  A.  In 
the  case  of  the  electrometer,  as  shown  in  Figure  5.10,  the  current 
is  determined  by  measuring  the  voltage  drop  across  the  known 
resistance  R.  The  voltage  drop  across  R  may  be  measured  by  the 
electrometer  directly  or  after  some  amplification. 

For  current  ionization  chambers,  it  is  very  important  to  know 
the  relationship  between  applied  voltage  and  output  current  (for 
a  constant  radiation  source).  This  relationship,  which  is  shown  in 
Figure  5.11,  consists  of  regions  I  and  II  of  the  graph  of  Figure  5.3. 

The  proper  operating  voltage  of  the  ionization  chamber  is  that  for 


FIGURE  5.9  Measurement  of  the  current  produced 
by  an  ionization  chamber  by  using  a  galvanometer. 
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FIGURE  5.10  Measurements  of  the  current  produced  by  an 
ionization  chamber  by  using  an  electrometer. 


FIGURE  5.11  The  ionization  chamber  current  as  a  func¬ 
tion  of  applied  voltage. 


TABLE  5.1 

Average  Energy  Needed  for 
Production  of  One  Electron-Ion  Pair 

Gas 

Energy  per  Pair  (eV) 

H 

36.3 

He 

42.3 

A 

26.4 

Air 

34 

C02 

32.9 

C2H6  (ethane) 

24.8 

ch4 

27.3 

Source:  Snell,  A.  H. 

(ed.),  Nuclear  Instruments  and 

Their  Uses, 

1962.  Copyright  Wiley-VCH 

Verlag  GmbH  &  Co.  KGaA.  Reproduced 
with  permission. 

which  all  the  ionization  produced  by  the  incident  radia¬ 
tion  is  measured.  If  this  is  the  case,  a  slight  increase  of 
the  applied  voltage  will  result  in  negligible  change  of  the 
measured  current.  The  voltage  is  then  called  the  satura¬ 
tion  voltage  (VQ,  and  the  corresponding  current  is  called 
saturation  current.  The  value  of  the  saturation  current 
depends  on  the  intensity  and  type  of  the  radiation  source 
(Figure  5.11).  It  also  depends,  for  the  same  radiation 
source,  on  the  size  and  geometry  of  the  chamber  as  well 
as  on  the  type  and  pressure  of  the  gas  used.  If  one  consid¬ 
ers  different  gases,  other  things  being  equal,  the  highest 
current  will  be  produced  by  the  gas  with  the  lowest  aver¬ 
age  energy  needed  for  the  production  of  one  electron-ion  pair. 
Typical  energies  for  common  gases  are  given  in  Table  5.1. 

During  measurements  of  the  ionization  current  with  an 
electrometer,  one  would  like  to  know  the  response  of  the  mea¬ 
suring  instrument  if  the  signal  from  the  ionization  chamber 
changes.  Assume  that  the  current  of  the  chamber  changes  sud¬ 
denly  from  a  value  of  q  to  i2.  The  response  of  the  electrometer 
is  obtained  by  considering  the  equivalent  electronic  circuit  of 
Figure  5.10,  shown  in  Figure  5.12.  The  capacitor  C  represents 
the  combined  capacitance  of  the  chamber  and  everything  else. 
The  resistor  R  represents  a  corresponding  total  resistance  for 
the  circuit.  The  signal  to  be  measured  is  the  voltage  V(t),  where  for  t  <  0, 

V)  =  isR  =  hR  (5-15) 

At  1  =  0,  the  current  changes  instantaneously  from  q  to  i2,  and  the 
voltage  will  eventually  become 


V2  —  hR 


During  the  transition  period,  Kirchhoff’s  first  law  gives 


(5.16) 


h  —  ic  +  Ir  — 


dQ(t )  ,  V(t)  _  dV{t)  ,  V(t) 


dt 


R 


=  C- 


dt 


R 


or 


dV{t) 

dt 


+ - V(t) 

RC 


h_ 

c 


(5.17) 


The  solution  of  this  differential  equation,  with  the  initial  condition  given  by  Equation 
5.15,  is 


V{t)  =  i2R  +  R(h  -  h)e~tlRC 


(5.18) 
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The  function  given  by  Equation  5.18  is  shown  in  Figure 
5.13.  The  response  of  the  electrometer  is  exponential  with  a 
rate  of  change  determined  by  the  time  constant  RC.  For  fast 
response,  the  time  constant  should  be  as  short  as  practically 
possible. 


5.5  PROPORTIONAL  COUNTERS 

5.5.1  Charge  Multiplication  in 
Proportional  Counters 


When  the  electric  field  strength  inside  a  gas-filled  detector 

exceeds  a  certain  value,  the  electrons  that  move  in  such  a  field  acquire,  between  collisions, 
sufficient  energy  to  produce  new  ions.  Thus,  more  electrons  will  be  liberated,  which  in  turn 
will  produce  more  ions.  The  net  effect  of  this  process  is  multiplication  of  the  primary  ion¬ 
ization.  The  phenomenon  is  called  charge  multiplication.  To  achieve  the  high  field  intensity 
needed  for  gas  multiplication  without  excessive  applied  voltage,  chambers  operating  in  this 
mode  are  usually  cylindrical  with  a  very  thin  wire  stretched  axially  at  the  center  of  the 
detector  (Figure  5.14).  The  wall  of  the  detector  is  normally  grounded  and  a  positive  voltage 
is  applied  to  the  central  wire.  In  such  a  geometry,  the  electrostatic  field  inside  the  chamber 
is  radial  and  its  intensity  is 


E{r) 


V0 


In (b!a)  r 


(5.2) 


FIGURE  5.13  Response 
of  an  electrometer  to  a 
step  change  of  the  ioniza¬ 
tion  current. 


The  field  intensity  increases  rapidly  as 
the  wire  is  approached.  Since  the  radius 
a  of  the  wire  is  a  few  mills  of  an  inch  and 
thousands  of  times  smaller  than  the  radius 
b  of  the  detector,  an  extremely  strong  elec¬ 
tric  field  is  produced  in  a  fraction  of  the 
chamber’s  volume.  This  volume  is  so  small 
that  the  probability  that  the  incident  radia¬ 
tion  will  produce  an  electron-ion  pair  in  it 
is  negligible. 

In  addition  to  the  secondary  electrons 
produced  by  collisions,  electrons  are  also 
produced  by  two  other  processes  as  given 
below: 


Insulator 


Signal  out 


(a) 


(b) 


FIGURE  5.14  (a)  A  cylindrical  gas-filled  detector,  (b)  Cross  section  of  the 

detector  at  AA. 


1.  Photoelectric  interactions 

2.  Bombardment  of  the  cathode  surface  by  positive  ions 


The  photoelectric  interactions  are  caused  by  photons  that  are  produced  in  the  detec¬ 
tor  as  a  result  of  the  ionization  and  excitation  of  the  atoms  and  molecules  of  the  gas.  If  the 
chamber  is  filled  with  a  monatomic  gas,  these  photons  produce  photoelectrons  only  when 
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they  strike  the  cathode  (wall  of  cylinder)  because  they  do  not  have  enough  energy  to  ionize 
the  atoms  of  the  gas.  If  the  detector  is  filled  with  a  gas  mixture,  however,  photons  emitted 
by  molecules  of  one  gas  may  ionize  molecules  of  another. 

Electrons  are  also  emitted  when  the  positive  ions,  which  are  produced  in  the  chamber, 
reach  the  end  of  their  journey  and  strike  the  cathode.  The  significance  of  this  effect  depends 
on  the  type  of  material  covering  the  surface  of  the  cathode  and,  more  importantly,  on  the 
type  of  the  gas  filling  the  chamber. 

The  production  of  electrons  by  these  processes  results  in  the  generation  of  succes¬ 
sive  avalanches  of  ionization  because  all  the  electrons,  no  matter  how  they  are  produced, 
migrate  in  the  direction  of  the  intense  electric  field  and  initiate  additional  ionization.  The 
charge  multiplication  factor  M,  which  is  equal  to  the  total  number  of  free  electrons  pro¬ 
duced  in  the  detector  when  one  pair  is  produced  by  the  incident  radiation,  is  calculated 
as  follows: 

Let 

N  =  total  number  of  electrons  set  free  per  primary  electron-ion  pair 

8  =  average  number  of  photoelectrons  produced  per  ion  pair  generated  in  the  detector 

(§«  1) 

The  initial  avalanche  of  N  electrons  will  produce  bN  photoelectrons.  Each  photoelec¬ 
tron  produces  a  new  avalanche  of  N  new  electrons;  therefore,  the  second  avalanche  consists 
of  8Af2  electrons.  The  third  avalanche  will  have  bN3  electrons,  and  so  on.  The  total  number 
of  electrons  per  initial  ion  pair  produced  is  then 


M  =  N +  bN2 +  bN3 +  ■■■ 


The  magnitude  of  bN  depends  on  the  applied  voltage.  Since  bN  <  1,  the  charge  multi¬ 
plication  factor  is 


Volts 


M  = 


N 

1-bN 


(5.19) 


It  should  be  noted  that 

1.  If  bN <SC  1,  the  photoelectric  effect  is  negligible  and  M  =  N  =  initial  charge  multipli¬ 
cation  (first  avalanche). 

2.  If  bN  <  1,  M  can  become  much  larger  than  N. 

3.  If  bN  >  1,  M  — >  oo,  which  means  that  a  self-supporting  discharge  occurs  in  the 
detector. 


FIGURE  5.15  Charge 
multiplication  M  versus 
voltage.  Gas  is  93.6% 
pure  argon  (a  =  0.005  in., 
b  =  0.435  in.,  at  two  dif¬ 
ferent  pressures).  (From 
Rossi,  B.  B.  and  Staub,  H. 
H.,  Ionization  Chambers 
and  Counters,  McGraw- 
Hill,  New  York,  1949.  With 
permission.) 


The  charge  multiplication  factor  M  is  a  function  of  the  ratio  V0/\n(b/a)  and  the  product 
Pa,  where  P  is  the  pressure  of  the  gas  in  the  detector  (Rossi  and  Staub,  1949).  Experimental 
results  of  M  values  for  two  gases  are  shown  in  Figures  5.15  and  5.16.  Diethorn1  has  obtained 
the  equation 


Vln2  V 

AVTn  (bla)  I<Paln{bla)  (5.20) 
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where  AV  and  K  are  constants  of  the  gas.  Equation  5.20  has  been  tested 
and  found  to  be  valid.2-4  As  Figures  5.15  and  5.16  show,  M  increases  almost 
exponentially  with  applied  voltage. 

One  method  by  which  the  strong  dependence  of  M  on  applied  volt¬ 
age  is  reduced  is  by  adding  a  small  amount  of  a  polyatomic  organic  gas  in 
the  gas  of  the  detector.  One  popular  mixture  is  10%  CH4  and  90%  argon. 
The  organic  gases,  called  “quenching”  gases,  stabilize  the  operation  of  the 
detector  by  reducing  the  effect  of  the  secondary  processes.  They  achieve 
this  because  organic  polyatomic  molecules 

1.  Dissociate  rather  than  produce  electrons  when  they  hit  the  cathode 

2.  Dissociate  when  they  absorb  a  photon 

3.  Have  lower  ionization  potential  than  the  molecules  of  the  main  gas; 
as  a  result,  they  are  ionized  in  collisions  with  ions  of  the  main  gas 
and  thus  prevent  the  ions  from  reaching  the  cathode 

The  total  charge  produced  in  a  proportional  detector  is 

Q  =  MNe  =  M—e  (5.21) 

w 


Volts 


FIGURE  5.16  Charge  multiplication  M 
versus  voltage.  Gas  is  BF3.  (a)  a  =  0.005  in., 
b  =  0.75  in.,  P  =  10  cmHg.  (b)  a  =  0.005  in., 
b  =  0.78  in.,  P  =  80.4  cmhlg.  (From  Rossi, 

B.  B.  and  Staub,  H.  H.,  Ionization  Chambers 
and  Counters,  McGraw-Hill,  New  York,  1949. 
With  permission.) 


where 

AE  =  energy  of  the  incident  particle  dissipated  in  the  detector 

w  =  average  energy  required  for  the  production  of  one  electron-ion  pair 

Equation  5.21  indicates  that  Q  (output)  is  proportional  to  the  energy  deposited  in  the 
detector  (A£).  This  is  the  reason  why  such  detectors  are  called  proportional.  The  propor¬ 
tionality  holds,  however,  only  if  the  charge  multiplication  factor  M  is  constant,  independent 
of  the  primary  ionization.  The  question  then  arises,  under  what  conditions  is  this  true? 

A  proportional  counter  is  strictly  proportional  as  long  as  the  space  charge  due  to  the 
positive  ions  does  not  modify  too  much  the  electric  field  around  the  wire.  The  magnitude 
of  the  space  charge  is  a  function  of  the  primary  ionization  and  the  charge  multiplica¬ 
tion.  If  the  primary  ionization  is  very  small,  the  value  of  M  may  be  105-106  before  the 
space  charge  affects  the  proportionality.  On  the  other  hand,  if  the  primary  ionization  is 
too  strong,  the  critical  value  of  M  is  smaller.  It  has  been  reported5  that  there  is  a  critical 
maximum  value  of  the  charge  produced  by  the  multiplication  process  beyond  which  pro¬ 
portionality  does  not  hold.  That  number,  obviously,  depends  on  the  counter  (size,  types 
of  gas,  etc.). 

The  events  that  produce  the  avalanches  of  electrons  in  a  proportional  counter  are  sta¬ 
tistical  in  nature.  The  final  multiplication  factor  M  will  not  be  constant  but  will  show  statis¬ 
tical  fluctuations.  The  probability  that  the  multiplication  will  have  the  value  M  is,  according 
to  Snyder,6  equal  to 


P(M) 


(5.22) 
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where  M  is  the  mean  multiplication  factor.  The  variance  of  M  is,  from  Equation  5.22, 


c !2m  =  (Mf 


(5.23) 


5.5.2  Pulse  Shape  of  a  Proportional  Counter 

The  shape  of  the  pulse  of  a  proportional  counter  is  understood  as  one  follows  the  events 
that  lead  to  the  formation  of  the  pulse.  A  cylindrical  counter  will  be  considered,  such  as  that 
shown  in  Figure  5.14. 

Assume  that  the  incident  particle  generated  N  electron-ion  pairs  at  a  certain  point 
inside  the  counter.  The  electrons  start  moving  toward  the  wire  (anode).  As  soon  as  they 
reach  the  region  of  the  strong  field  close  to  the  wire,  they  produce  secondary  ionization. 
Since  all  the  secondary  ionization  is  produced  in  the  small  volume  surrounding  the  wire, 
the  amplitude  of  the  output  pulse  is  independent  of  the  position  of  the  primary  ionization. 
The  electrons  of  the  secondary  ionization  are  collected  quickly  by  the  wire,  before  the  ions 
have  moved  appreciably.  The  pulse  developed  in  the  central  wire  is  almost  entirely  due  to 
the  motion  of  the  ions.  As  the  ions  move  toward  the  cathode,  the  voltage  pulse  on  the  wire 
begins  to  rise:  quickly  at  first,  when  the  ions  are  crossing  the  region  of  the  intense  electric 
field,  and  slower  later,  when  the  ions  move  into  the  region  of  low-intensity  field.  The  voltage 
pulse  as  a  function  of  time  is  given  by  (Kowalski,  1970) 


V(t) 


Q 


2Cln(b/a) 


-In 


1  + 


2  . 

CL  tion 


(5.24) 


where  Q  is  given  by  Equation  5.21 
C  =  capacitance  of  the  counter 
tion  =  time  it  takes  the  ions  to  reach  the  cathode 

The  equation  for  tion  is  (Kowalski) 


=  PHbla)(b2  _  2) 

2V*0 


ft  ion 


(5.25) 


where 

P  =  gas  pressure 

flion  =  ion  mobility  in  the  field  of  the  counter* 

r  =  point  where  the  ion  was  produced 

The  pulse  V{t)  is  shown  by  the  solid  line  of  Figure  5.17.  The  pulse  rises  quickly  and 
reaches  half  of  its  maximum  in  time  of  the  order  of  microseconds.  Then  it  bends  and  rises 
at  a  much  slower  rate,  until  about  a  millisecond  later  it  reaches  its  final  value,  QIC. 

The  pulse  of  Figure  5.17  was  derived  under  the  assumption  that  all  the  ions  were  pro¬ 
duced  at  the  same  point.  In  reality,  the  ions  are  produced  along  the  track  of  the  incident 


The  ion  mobility  is  the  proportionality  constant  between  the  drift  velocity  and  the  reduced  field;  thus, 
w+  =  |l+  (E/P). 
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particle.  This  modifies  the  shape  of  the  pulse  during  its 
initial  rise  but  it  leaves  it  virtually  unaffected  during  the 
later  period. 

The  pulse  of  Figure  5.17  is  unacceptably  long,  even  for 
a  modest  counting  rate.  As  in  the  case  of  the  ionization 
chamber,  the  pulse  is  "chopped  off”  at  some  convenient 
time  with  the  help  of  a  differentiating  circuit  (Chapter 
10).  The  result  will  be  a  pulse  shown  by  the  dashed  line 
in  Figure  5.17. 


5.5.3  Change  of  Counting  Rate  with  High 
Voltage:  The  High-Voltage  Plateau 

When  a  detector  is  used  for  the  study  of  a  phenomenon  involving  counting  of  particles,  the 
investigator  would  like  to  be  certain  that  changes  in  the  counting  rate  are  due  to  changes 
in  the  phenomenon  under  study  and  not  due  to  changes  of  the  environment  such  as  atmo¬ 
spheric  pressure,  temperature,  humidity,  or  voltage.  For  most  radiation  measurements,  all 
these  factors  may  be  ignored  except  voltage  changes. 

Consider  a  gas-filled  detector.  For  its  operation,  it  is  necessary  to  apply  HV,  usually 
positive,  which  may  range  from  +300  to  +3000  V,  depending  on  the  detector.  For  the  spe¬ 
cific  detector  used  in  an  experiment,  the  observer  would  like  to  know  by  what  fraction  the 
counting  rate  will  change  if  the  HV  changes  by  a  certain  amount.  It  is  highly  desirable  to 
have  a  system  for  which  the  change  in  the  counting  rate  is  negligible,  when  the  HV  changes 
for  a  reason  beyond  the  control  of  the  investigator  (e.g.,  change  in  the  110  V  provided  by  the 
outlet  on  the  wall,  which  may,  in  turn,  cause  a  fluctuation  in  the  output  of  the  HV  power 
supply).  For  this  reason,  the  response  of  a  counting  system  to  such  variations  ought  to  be 
known.  This  information  is  provided  by  the  HV  plateau  of  the  detector.  The  determination 
of  the  HV  plateau  will  be  discussed  below  for  a  proportional  counter.  However,  the  experi¬ 
ment  described  here  and  the  results  are  equally  applicable  for  a  GM  counter. 

The  HV  plateau  is  obtained  by  performing  the  experiment  sketched  in  Figure  5.18. 
A  radioactive  source,  emitting  a  certain  type  of  particles,  is  placed  at  a  fixed  distance  from 
the  detector.  The  signal  from  the  detector  is  amplified  with  the  help  of  a  preamplifier  and 
an  amplifier.  It  is  then  fed  through  a  discriminator,  and  pulses  above  the  discriminator  level 
are  counted  by  the  scaler.  The  counting  rate  of  the  scaler  is  recorded  as  a  function  of  the 
HV,  the  only  variable  that  is  changed  in  this  experiment.  The  result  of  the  experiment  is 
shown  in  Figure  5.19  (lower  curve).  Also  shown  in  Figure  5.19  (upper  curve)  is  a  part  of  the 
graph  of  Figure  5.3  from  regions  II  (ionization)  and  III  (proportional)  with  the  ordinate  now 
shown  as  pulse  height,  which  is,  of  course,  proportional  to  the  number  of  ions  collected  per 
unit  time.  The  dashed  line  represents  the  discriminator  level.  The  shape  of  the  HV  plateau 
is  explained  as  follows. 


FIGURE  5.17  The  voltage  pulse  of  a  proportional  counter. 


FIGURE  5.18  Experimental  arrangement  for  the  determination  of  the  HV  plateau. 
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FIGURE  5.19  The  HV  plateau  (lower  curve). 

For  very  low  voltage  (V<  VjJ,  the  counting  rate  is  zero.  The  source  is  there,  ionization 
is  produced  in  the  detector,  pulses  are  fed  into  the  amplifier  and  the  discriminator,  but  the 
scaler  does  not  receive  any  signal  because  all  the  pulses  are  below  the  discriminator  level. 
Hence,  the  counting  rate  is  zero.  As  the  HV  increases  beyond  VK,  more  ionization  is  pro¬ 
duced  in  the  detector,  some  pulse  heights  generated  in  it  have  a  height  above  the  discrimi¬ 
nator  level,  and  the  counting  rate  starts  increasing.  The  counting  rate  keeps  increasing  with 
HV,  since  more  and  more  pulses  are  produced  with  a  height  above  the  discriminator  level. 
This  continues  up  to  the  point  when  V ~  Vg.  For  V  >  VB,  the  ionization  is  still  increasing, 
the  pulse  height  is  also  increasing,  but  all  the  pulses  are  now  above  the  discriminator  level. 
Since  all  the  pulses  are  counted,  and  each  pulse  is  recorded  as  one  regardless  of  its  height, 
the  counting  rate  does  not  change.  This  continues  up  to  V~VC.  Beyond  that  point,  the 
counting  rate  will  start  increasing  again  because  the  HV  is  so  high  that  spurious  and  double 
pulses  may  be  generated.  The  detector  should  not  be  operated  beyond  V=  Vc. 

The  region  of  the  graph  between  VE  and  Vc  is  called  the  HV  plateau.  It  represents  the 
operational  range  of  the  detector.  Although  the  manufacturer  of  the  detector  provides 
this  information  to  the  investigator,  it  is  standard  (and  safe)  practice  to  determine  the 
plateau  of  a  newly  purchased  detector  before  it  is  used  in  an  actual  measurement  for  the 
first  time. 

The  plateau  of  Figure  5.19  is  shown  as  completely  flat.  For  most  detectors,  the  plateau 
has  a  positive  slope  that  may  be  due  to  spurious  counts  or  due  to  increasing  efficiency 
of  the  detector,  or  due  to  both  of  these  effects.  Investigation  of  proportional  counters7 
showed  that  the  positive  slope  is  the  result  of  an  increase  in  detector  efficiency.  For  GM 
counters,  on  the  other  hand,  the  slope  of  the  plateau  is  due  to  the  production  of  more 
spurious  counts. 

The  performance  of  a  detector  is  expressed  in  terms  of  the  slope  of  the  plateau  given 
in  the  form 


Plateau  slope 


A  r/r 
~AV 


(5.26) 
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where  A rlr  is  the  relative  change  of  the  counting  rate  r  for  the  corresponding  change  in  volt¬ 
age  AV.  Frequently,  Equation  5.26  is  expressed  in  percent  change  of  the  counting  rate  per 
100  V  change  of  the  high  voltage,  that  is, 

Plateau  slope  =  10°(Ar/r)  (100)  =  104  ^lL  (5.27) 

F  Ay  Ay 


r 


EXAMPLE  5.1 


What  is  the  change  of  counting  rate  per 
100  V  of  the  plateau  for  a  detector  having 
the  plateau  shown  in  Figure  5.20? 

Answer 

The  plateau  extends  from  about  700  to 
1500  V.  The  slope  over  that  region  is  (using 
Equation  5.27) 


1  0\h  -  <j)//i  _  1  04(3800  -  3000)73000 
V2-Vi  -  1 500  -  700 

=  3.3%  per  100  V 


FIGURE  5.20  The  FHV  plateau  used  in  Example  5.1. 


J 


The  location  of  the  plateau  of  a  proportional  counter  depends  on  the  type  of  particles 
being  detected.  If  a  source  emits  two  types  of  particles  with  significantly  different  primary 
ionization,  two  separate  plateaus  will  be  obtained,  with  the  plateau  corresponding  to  the 
more  ionizing  particles  appearing  first.  Figure  5.21  shows  such  a  plateau  for  a  proportional 
counter  detecting  alpha  and  beta  particles.  The  existence  of  two  plateaus  is  a  consequence 
of  the  fact  that  in  the  proportional  region,  differentiation  of  the  ionization  produced  by  dif¬ 
ferent  types  of  particles  is  still  possible  (see  region  III  in  Figure  5.4).  In  the  GM  region,  this 
distinction  is  lost  and  for  this  reason,  GM  counters  have  only  one  HV  plateau  regardless  of 
the  type  of  incident  radiation  (region  IV  of  Figure  5.4). 


FIGURE  5.21  Alpha  and  beta  plateaus  of  a  proportional  counter. 
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5.6  GEIGER-MULLER  COUNTERS 

5.6.1  Operation  of  a  GM  Counter  and  Quenching  of  the  Discharge 

A  GM  counter  is  a  gas-filled  detector  that  operates  in  region  IV  of  Figure  5.3.  Its  construc¬ 
tion  and  operation  are  in  many  ways  similar  to  those  of  a  proportional  counter.  The  GM 
counter  is  usually  cylindrical  in  shape,  like  most  of  the  proportional  counters.  The  electric 
field  close  to  the  central  wire  is  so  strong  that  A/8  -  1  (see  Section  5.5.1)  and  the  charge 
multiplication  factor  M  is  extremely  high.  In  a  GM  counter,  a  single  primary  electron-ion 
pair  triggers  a  great  number  of  successive  avalanches.  Therefore,  the  output  signal  is  inde¬ 
pendent  of  the  primary  ionization. 

The  operation  of  the  GM  counter  is  much  more  complicated  than  that  of  the  propor¬ 
tional  counter.  When  the  electrons  are  accelerated  in  the  strong  field  surrounding  the  wire, 
they  produce,  in  addition  to  a  new  avalanche  of  electrons,  considerable  excitation  of  the 
atoms  and  molecules  of  the  gas.  These  excited  atoms  and  molecules  produce  photons  when 
they  deexcite.  The  photons,  in  turn,  produce  photoelectrons  in  other  parts  of  the  counter. 
Thus  the  avalanche,  which  was  originally  located  close  to  the  wire,  spreads  quickly  in  most 
of  the  counter  volume.  During  all  this  time,  the  electrons  are  continuously  collected  by 
the  anode  wire,  while  the  much  slower-moving  positive  ions  are  still  in  the  counter  and 
form  a  positive  sheath  around  the  anode.  When  the  electrons  have  been  collected,  this 
positive  sheath,  acting  as  an  electrostatic  screen,  reduces  the  field  to  such  an  extent  that 
the  discharge  should  stop.  However,  this  is  not  the  case  because  the  positive  ions  eject 
electrons  when  they  finally  strike  the  cathode,  and  since  by  that  time  the  field  has  been 
restored  to  its  original  high  value,  a  new  avalanche  starts  and  the  process  just  described  is 
repeated.  Clearly,  some  means  are  needed  by  which  the  discharge  is  permanently  stopped 
or  “quenched.”  Without  quenching,  a  GM  tube  would  undergo  repetitive  discharging.  There 
are  two  general  methods  of  quenching  the  discharge. 

In  external  quenching,  the  operating  voltage  of  the  counter  is  decreased,  after  the 
start  of  the  discharge  until  the  ions  reach  the  cathode,  to  a  value  for  which  the  charge 

multiplication  factor  is  negligible.  The  decrease  is 
achieved  by  a  properly  chosen  RC  circuit  as  shown  in 
Figure  5.22.  The  resistance  R  is  so  high  that  the  volt¬ 
age  drop  across  it  due  to  the  current  generated  by  the 
discharge  (id)  reduces  the  voltage  of  the  counter  below 
the  threshold  needed  for  the  discharge  to  start  (the  net 
voltage  is  V0-idR).  The  time  constant  RC,  where  C  rep¬ 
resents  the  capacitance  between  anode  and  ground,  is 
much  longer  than  the  time  needed  for  the  collection  of 
the  ions.  As  a  result,  the  counter  is  inoperative  for  an 
unacceptably  long  period.  Or,  in  other  words,  its  dead 
time  is  too  long. 

The  self-quenching  method  is  accomplished  by 
adding  to  the  main  gas  of  the  counter  a  small  amount  of  a  polyatomic  organic  gas  or  a 
halogen  gas. 

The  organic  gas  molecules,  when  ionized,  lose  their  energy  by  dissociation  rather  than 
by  photoelectric  processes.  Thus,  the  number  of  photoelectrons,  which  would  spread  and 
continue  the  avalanche,  is  greatly  reduced.  In  addition,  when  the  organic  ions  strike  the 


FIGURE  5.22  The  circuit  used  for  external  quenching  of  a 
GM  counter. 
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surface  of  the  cathode,  they  dissociate  instead  of  causing  the  ejection  of  new  electrons. 
Therefore,  new  avalanches  do  not  start. 

GM  counters  using  an  organic  gas  as  a  quenching  agent  have  a  finite  lifetime  because  of 
the  dissociation  of  the  organic  molecules.  Usually,  the  GM  counters  last  for  108-109  counts. 
The  lifetime  of  a  GM  detector  increases  considerably  if  a  halogen  gas  is  used  as  the  quench¬ 
ing  agent.  The  halogen  molecules  also  dissociate  during  the  quenching  process,  but  there  is 
a  certain  degree  of  regeneration  of  the  molecules,  which  greatly  extends  the  useful  lifetime 
of  the  counter. 

5.6.2  Pulse  Shape  and  Dead  Time  of  a  GM  Counter 

The  signal  of  a  GM  counter  is  formed  in  essentially  the  same  way  as  the  signal  of  a  pro¬ 
portional  counter  and  is  given  by  the  same  equation,  Equation  5.24.  For  GM  counters,  the 
signal  is  the  result  of  the  sum  of  the  contributions  from  all  the  positive  ion  avalanches 
produced  throughout  the  volume  of  the  counter.  The  final  pulse  is  similar  in  shape  to  that 
shown  in  Figure  5.17,  except  that  the  pulse  rises  much  slower.  The  shape  and  height  of  GM 
counter  pulses  are  not  very  important  because  the  pulse  is  only  used  to  signal  the  presence 
of  the  particle  and  nothing  else.  However,  how  one  pulse  affects  the  formation  of  the  next 
one  is  important. 

As  discussed  in  Section  5.6.1,  during  the  formation  of  a  pulse,  the  electric  field  in 
the  counter  is  greatly  reduced  because  of  the  presence  of  the  positive  ions  around  the 
anode.  If  a  particle  arrives  during  that  period,  no  pulse  will  be  formed  because  the  coun¬ 
ter  is  insensitive.  The  insensitivity  lasts  for  a  certain  time,  called  the  dead  time  of  the 
counter.  Then,  the  detector  slowly  recovers,  with  the  pulse  height  growing  exponentially 
during  the  recovery  period.  This  is  illustrated  in  Figure  5.23,  which  shows  the  change 
of  the  voltage  and  pulse  for  a  typical  GM  counter.  Typical  values  of  dead  time  are  from 
100  to  300  p.s.  If  the  dead  time  is  100  |us  and  the  counting  rate  is  500  counts/s,  there  is 
going  to  be  a  5%  loss  of  counts  due  to  dead  time.  Correction  for  dead  time  is  described 
in  Section  2.21. 


5.7  GAS-FLOW  DETECTORS 

The  gas-filled  detectors  described  so  far  are  all  sealed.  That  is,  the  counter  is  a  closed  volume 
filled  with  a  gas  at  a  certain  pressure.  The  radiation  source  is  placed  outside  the  detector; 
therefore,  the  particles  have  to  penetrate  the  wall  of  the  detector  to  be  counted.  In  doing  so, 
some  particles  may  be  absorbed  by  the  wall  and  some  may  be  backscattered;  in  the  case  of 
charged  particles,  they  will  also  lose  a  certain  fraction  of  their  energy.  To  minimize  these 
effects,  most  commercial  gas-filled  detectors  have  a  thin  window  through  which  the  radia¬ 
tion  enters  the  detector.  The  window  may  still  be  too  thick  for  some  alpha  and  low-energy 
beta  particles.  For  this  reason,  detectors  have  been  developed  with  the  capability  of  having 
the  source  placed  inside  the  chamber. 

Gas-filled  detectors  of  this  type  are  called  gas-flow  detectors.  Their  name  comes  from 
the  fact  that  the  gas  flows  continuously  through  the  detector  during  operation.  This  is  nec¬ 
essary  because  the  detector  cannot  be  sealed  if  the  source  is  placed  inside  the  chamber. 

Gas-flow  detectors  come  in  different  geometries.  Probably  the  most  common  one  is 
that  of  the  hemispherical  detector  as  shown  in  Figure  5.24.  The  high  voltage  is  applied  to 
a  wire  attached  to  the  top  of  the  hemisphere.  The  gas  flows  slowly  through  the  detector, 


183 


www.Ebook777.com 


184  Measurement  and  Detection  of  Radiation 


Time  (|rs) 


Discriminator 

level 


Time  (jis) 


FIGURE  5.23  Dead  time  and  recovery  time  for  a  GM  counter. 


the  flow  rate  being  controlled  by  a  regulator.  At  the  exit,  the  gas  goes  through  a  liquid  (e.g., 
some  oil)  and  forms  bubbles  as  it  comes  out.  The  formation  of  the  bubbles  indicates  that  the 
gas  is  flowing,  and  the  rate  of  bubble  formation  gives  an  idea  of  the  gas-flow  rate. 

Counting  with  gas-flow  detectors  involves  the  following  steps: 

1.  The  chamber  is  opened  and  the  sample  is  placed  in  its  designated  location  inside  the 
chamber. 

2.  The  chamber  is  closed. 

3.  Gas  from  the  gas  tank  is  allowed  to  flow  rapidly  through  the  volume  of  the  detector 
and  purge  it  (for  a  few  minutes). 

4.  After  the  detector  is  purged,  the  gas-flow  rate  is  considerably  reduced,  to  a  couple  of 
bubbles  per  second,  and  counting  begins. 

There  are  two  advantages  in  placing  the  sample  inside  the  detector: 

1.  The  particles  do  not  have  to  penetrate  the  window  of  the  detector,  where  they  might 
be  absorbed,  scattered  out  of  the  detector,  or  lose  energy. 

2.  Close  to  50%  of  the  particles  emitted  by  the  source  have  a  chance  to  be  recorded  in 
a  hemispherical  detector,  or  close  to  100%  in  a  spherical  detector.  If  the  source  is 
placed  outside  the  detector,  there  are  always  less  than  50%  of  the  particles  entering 
the  detector. 

A  hemispherical  detector  is  also  called  a  2n  detector,  while  a  spherical  detector  with 
the  source  located  at  its  center  is  called  a  47t  detector.  Figure  5.24  shows  a  2n  detector. 
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FIGURE  5.24  A  hemispherical  (2n)  gas-flow  detector. 

Gas-flow  detectors  may  operate  as  proportional  or  GM  detectors  (counters).  In  fact, 
there  are  commercial  models  that  may  operate  in  one  or  the  other  region  depending  on 
the  voltage  applied  and  the  gas  used.  In  a  proportional  gas-flow  detector,  the  gas  is  usually 
methane  or  a  mixture  of  argon  and  methane.  In  the  GM  region,  the  gas  is  a  mixture  of 
argon  and  isobutane. 

In  some  gas-flow  detector  models,  there  is  provision  for  placing  a  very  thin  window 
between  the  sample  and  the  sensitive  volume  of  the  detector  to  reduce  the  effects  of  slight 
contamination  of  the  sample  well  or  of  static  charges  that  interfere  with  the  measurement. 
In  the  detector  of  Figure  5.24,  the  thin  window  will  be  placed  on  top  of  the  sample  well.  A 
different  arrangement  is  shown  in  Figure  5.25. 

Gas-flow  detectors  are  used  as  low-background  alpha-beta  detection  systems. 
Requirements  for  low-background  measurements  arise  in  cases  where  the  level  of  activ¬ 
ity  from  the  sample  is  very  low,  compared  to  the  background.  Examples  of  such  cases  are 
samples  that  monitor  contamination  of  water  supplies  or  of  air  samples  or  soil  samples. 

There  are  commercially  available  systems  that  have  a  background  counting  rate  of  less 
than  1  count/min  for  betas  and  a  considerably  lower  rate  for  alphas.  Such  a  low  background 
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FIGURE  5.25  A  gas-flow  detector  with  removable  thin  window  and  movable  source  holder. 
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FIGURE  5.26  A  low-background  alpha-beta  counting  system  utilizing  two  detectors  and  anticoin¬ 
cidence.  The  anticoincidence  output  gates  the  scaler  to  count  only  pulses  from  the  gas-flow  detector. 

is  achieved  by  shielding  the  detector  properly  (surrounding  it  with  lead)  and  using  elec¬ 
tronic  means  to  reject  most  of  the  background  radiation.  A  system  offered  by  one  of  the 
manufacturers  uses  two  detectors.  The  first  is  the  gas-flow  detector  and  the  second  is  a 
cosmic  ray  detector  (Figure  5.26).  The  two  detectors  are  operated  in  anticoincidence  (see 
Section  10.8),  which  means  that  events  due  to  particles  going  through  both  detectors  (e.g., 
cosmic  rays  or  other  radiation  from  the  environment)  will  not  be  counted.  Only  pulses  pro¬ 
duced  by  the  activity  of  the  sample  in  the  gas-flow  detector  will  be  recorded. 

Discrimination  between  alphas  and  betas  can  be  achieved  in  many  ways.  The  two 
methods  most  frequently  used  with  gas-flow  detectors  are  based  on  range  and  energy  dif¬ 
ferences.  Before  these  methods  are  discussed,  the  reader  should  recall  that  the  maximum 
energy  of  most  beta  emitters  is  less  than  2  MeV  while  the  energy  of  alphas  from  most  alpha 
emitters  is  5-6  MeV. 

Because  the  range  of  alphas  is  much  shorter  than  that  of  betas,  a  sample  can  be  ana¬ 
lyzed  for  alpha  and  beta  activity  by  counting  it  twice:  once  with  a  thin  foil  covering  it  to  stop 
the  alphas,  and  a  second  time  without  the  foil  to  record  alphas  and  betas. 

Energy  discrimination  is  based  on  the  difference  in  pulse  height  produced  by  the  two 
types  of  particles:  the  alphas,  being  more  energetic,  produce  higher  pulses;  thus,  a  simple 
discriminator  at  an  appropriate  level  can  reject  the  pulses  from  beta  particles. 

5.7.1  Long-Range  Alpha  Detector 

A  variation  of  the  gas-flow  detector  has  been  developed8’9  for  the  detection  of  alpha  con¬ 
tamination.  Common  alpha  particle  detectors  are  limited  by  the  short  range  of  alphas  in 
air.  For  example,  the  range  of  a  6-MeV  alpha  in  air  at  normal  temperature  and  pressure  is 
about  46  mm.  To  circumvent  this  limitation,  the  long-range  alpha  detector  (LRAD)  does 
not  measure  the  alphas  directly.  Instead,  as  shown  schematically  in  Figure  5.27,  the  ions 
created  by  the  alphas  in  air  are  transported,  with  the  help  of  airflow,  and  directed  into  an 
ion  chamber.  There,  the  current  created  by  the  ions  is  measured  by  an  electrometer.  Since 
the  number  of  ions  produced  is  proportional  to  the  strength  of  the  alpha  source,  the  signal 
of  the  electrometer  is  also  proportional  to  the  alpha  source  strength. 

In  principle,  a  similar  detector  could  be  developed  for  any  particle  that  produces  ions. 
However,  particles  such  as  electrons,  gammas,  and  neutrons  generate  a  much  smaller  num¬ 
ber  of  ions  than  alpha  particles  do,  traveling  over  the  same  distance.  For  this  reason,  an 
LRAD-type  detector  would  have  a  smaller  sensitivity  for  these  other  particles  than  for 
alphas.  Of  course,  an  LRAD-type  detector  would  operate  satisfactorily  for  the  detection  of 
protons,  deuterons,  and  other  heavy  ions. 
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FIGURE  5.27  The  LRAD  detects  ions  generated  by  alphas  in  air  with  the  help  of  an  ion  chamber 
and  an  electrometer. 


5.7.2  Internal  Gas  Counting 

An  alternative  to  the  gas-flow  detector  is  internal  gas  counting,  which  is  used  with  low- 
energy  (3-emitters.  In  internal  gas  counting,  a  gaseous  form  of  the  radioisotope  is  intro¬ 
duced  into  the  detector  (usually  a  proportional  counter)  along  with  the  counting  gas.  As 
with  gas-flow  detectors,  by  having  the  source  inside  the  detector,  losses  in  the  window  are 
avoided  and  an  increase  in  efficiency  is  achieved  by  utilizing  a  4ji  geometry. 

Internal  gas  counting  requires  that  corrections  be  made  for  wall  and  end  effects  and 
for  the  decrease  in  electric  field  intensity  at  the  edges  (ends)  of  the  detector.10-12  One  way  to 
reduce  the  end  effect  is  to  use  a  spherical  proportional  counter,13  in  which  the  anode  wire  is 
stretched  along  a  diameter  and  the  cathode  is,  of  course,  spherical.  The  electric  field  inside 
the  sphere  is 


E(r) 


Vo  1 


in (b/a)  r 


(5.2) 


At  a  certain  distance  r  from  the  anode,  the  electric  field  becomes  stronger  at  the  ends 
of  the  anode  because  b,  the  radius  of  the  cathode,  gets  smaller.  However,  the  supports  of 
the  wire  tend  to  reduce  the  field.  By  properly  adjusting  the  supports,  one  may  make  the 
field  uniform.  In  cylindrical  detectors,  corrections  for  end  effects  are  applied  by  a  length- 
compensation  method.10 

Internal  gas  counting  is  used  for  the  production  of  standards.  Using  this  technique, 
the  National  Institute  of  Standards  and  Technology  (www.nist.gov)  produced  standards  of 
3H,  14C, 37A,  85I<,  131mXe,  and  133Xe. 


5.8  RATE  METERS 

A  rate  meter  is  a  device  that  measures  the  average  rate  of  incoming  pulses.  Rate  meters  are 
used  for  continuous  monitoring  of  an  event,  where  the  average  counting  rate  versus  time 
rather  than  the  instantaneous  counting  rate  is  needed. 
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FIGURE  5.28  The  circuit  of  a  rate  meter. 


The  basic  operation  of  a  rate  meter  is  to  feed  a  known  charge  per 
pulse  into  a  capacitor  that  is  shunted  by  a  resistor  (Figure  5.28).  Let 

r  =  counting  rate  (pulses/s) 
q  =  charge  per  pulse 
V  =  voltage  across  capacitor 
R  =  resistance 
Q  =  capacitor  charge 


The  net  rate  of  change  of  Q  with  respect  to  time  is  given  by 

=  (Charge  fed  by  pulses/s)  -  (Charge  flowing  through  resistor) 


or 

d9  =  rq_SL  (5.28) 

dt  RC 

The  solution  of  this  differential  equation  with  the  initial  condition  Q( 0)  =  0  is 

Q(t)  =  rqRC(  1  -  e~tlRC)  (5.29) 

or,  if  one  writes  the  result  in  terms  of  the  output  voltage, 

V(t)  =  Q^]  =  rqR(l  -  e-tlRC)  (5.30) 

For  time  t »  RC,  equilibrium  is  reached  and  the  value  of  the  voltage  is 

VC  =  rqR  (5.31) 

The  signal  of  a  rate  meter  is  the  voltage  VC  given  by  Equation  5.31.  Note  that  VC  is 
independent  of  the  capacitance  C  and  proportional  to  the  counting  rate  r.  The  voltage  VC 
is  measured  with  an  appropriate  voltmeter. 

If  a  pulse-type  detector  is  used,  the  counts  accumulated  in  the  scaler  have  a  statistical 
uncertainty  that  is  calculated  as  shown  in  Chapter  2.  If  a  rate  meter  is  used,  what  is  the 
uncertainty  of  the  measurement?  To  obtain  the  uncertainty,  one  starts  with  Equation  5.29, 
which  gives  the  charge  of  the  capacitor  C.  It  is  important  to  note  that  the  charge  changes 
exponentially  with  time.  Thus,  the  contribution  of  the  charge  from  a  pulse  arriving  at  t  =  0 
is  not  instantaneous  but  continues  for  a  period  of  time. 

Consider  an  observation  point  t0  (Figure  5.29).  The  standard  deviation  oQ  of  the  charge 
collected  at  t  =  t0  is  the  result  of  contributions  from  pulses  having  arrived  earlier.  If  the 


0  t  t  +  At  to 


FIGURE  5.29  Pulses  arriving  during  At,  and  at  t,  contribute  to  o0at  t  =  f0. 
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counting  rate  is  r,  the  number  of  pulses  in  a  time  interval  At  is,  on  the  average,  r  At.  The  sta¬ 
tistical  uncertainty  of  this  number  is  ±sjr  At,  or  the  uncertainty  of  the  charge  is  ±q\/r  At. 
One  can  show  that  a  single  pulse  arriving  at  time  t  contributes  to  the  signal  at  time  t  =  t0, 
an  amount  of  charge  equal  to  q  exp[-(f0  -  t)  RC].  Therefore,  the  variance  of  the  charge  at 
time  t=t0  is 


to 

Cq  =  \{qJ7dFe-^-t)IRC)2 
0 

Integration  of  Equation  5.32  gives  the  result 

Cq  =  0.5q2rRC(l  -  e~2tolRC ) 
For  t0^>RC,  Equation  5.33  takes  the  form 


At  equilibrium,  Q  =  rqRC  (from  Equation  5.29);  therefore, 


(5.32) 


(5.33) 


(5.34) 


Or  = 


qRC 


and 


Of.  =  |  1 
r  V  2 RCr 


(5.35) 


(5.36) 


The  quantity  RC  is  the  time  constant  of  the  circuit  shown  in  Figure  5.28.  Equation  5.36 
states  that  any  instantaneous  reading  on  a  rate  meter  has  a  relative  standard  error  equal  to 
that  of  a  total  number  of  counts  obtained  by  counting  for  a  time  equal  to  2 RC  (assuming 
the  background  is  negligible). 

5.9  GENERAL  COMMENTS  ABOUT  CONSTRUCTION 
OF  GAS-FILLED  DETECTORS 

This  section  summarizes  the  important  characteristics  of  gas-filled  detectors. 

5.9.1  Geometry 

Parallel-plate  detectors  are  almost  exclusively  ionization  chambers.  The  intense  fields 
needed  for  charge  multiplication  can  be  produced  only  in  cylindrical  or  spherical  geometry. 

In  the  cylindrical  geometry,  which  is  the  most  frequently  used,  the  strong  electric  field 
exists  close  to  the  central  wire.  The  wire  is  usually  made  of  tungsten  or  platinum.  It  has  a 
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diameter  of  25-100  pm  (few  mills  of  an  inch);  it  must  be  uniform  in  radius,  without  any 
bends  or  kinks,  and  be  placed  concentrically  with  the  outer  cylinder.  Of  particular  impor¬ 
tance  is  the  smoothness  of  the  central  wire.  Any  kinks  or  tiny  specks  of  material  attached  to 
its  surface  amount  to  pointed  tips  where  very  high  electric  fields  are  generated.  Such  a  high 
field  is  a  source  of  spurious  discharges  that  interfere  with  counting. 

5.9.2  Gases  and  Pressures  Used 

For  ionization  chambers,  almost  any  gas  or  pressure  may  be  used.  Even  atmospheric  air  has 
been  used. 

For  proportional  or  GM  counters,  the  noble  gases — argon  in  particular — are  normally 
used.  A  small  percentage  of  additional  gases  is  also  used  for  quenching  purposes.  In  pro¬ 
portional  counters,  methane  is  frequently  added  to  the  main  gas.  The  so-called  P-10  mix¬ 
ture,  consisting  of  90%  argon  and  10%  methane,  is  extensively  used.  Another  mixture  is  4% 
isobutane  and  96%  helium.  Several  gas  pressures  have  been  used.  As  Figures  5.15  and  5.16 
show,  the  charge  multiplication  depends  on  the  pressure.  Usually  the  pressure  is  less  than  1 
atmosphere.  Of  course,  gas-flow  counters  operate  at  ambient  pressure. 

As  discussed  in  Section  5.6.1,  the  quenching  gas  in  a  GM  counter  is  either  an  organic 
polyatomic  molecule  such  as  ethyl  alcohol,  or  a  halogen  such  as  bromine  or  chlorine.  A 
typical  mixture  is  0.1%  chlorine  in  neon.  The  gas  pressure  in  a  GM  counter  is,  in  most  cases, 
less  than  1  atmosphere.  The  pressure  affects  the  operating  voltage. 

5.9.3  Detector  Window 

When  the  source  is  placed  outside  the  detector,  it  is  very  important  for  the  radiation  to 
enter  the  detector  after  traversing  as  thin  a  wall  material  as  possible.  Any  material  in  the 
path  of  radiation  may  scatter,  absorb,  or  cause  energy  loss.  This  is  particularly  critical  in 
the  measurement  of  alphas  and  low-energy  betas,  which  have  a  very  short  range.  It  is  not 
important  for  neutron  and  gamma  detectors. 

All  detectors  have  walls  as  thin  as  possible  (or  practical),  but  in  addition,  many  com¬ 
mercial  designs  have  an  area  on  the  surface  of  the  detector  designated  as  the  “window,” 
consisting  of  a  very  thin  material.  In  cylindrical  detectors,  the  window  is  usually  the  front 
end  of  the  cylinder  (the  other  end  houses  electrical  connectors).  There  are  some  cylindrical 
detectors  with  windows  located  on  the  cylindrical  surface. 

Materials  and  thicknesses  of  windows  are 

1.  Glass,  down  to  0.30-0.40  kg/m2  (100  |im) 

2.  Aluminum,  0.25-0.30  kg/m2  (100  pm) 

3.  Steel,  0.60-0.80  kg/m2  (80  pm) 

4.  Mica,  0.01  kg/m2  (3  pm) 

5.  Mylar  (plain  or  aluminized),  0.01  kg/m2 

6.  Special  ultrathin  membranes  or  foils,  ~10-3  kg/m2 

5.10  APPLICATIONS  OF  GAS-FILLED  DETECTORS 

While  there  has  been  an  emphasis  in  this  chapter  on  the  fundamentals  of  gas-filled  detec¬ 
tors,  a  wide  variety  of  applications  of  such  systems  has  been  developed  in  nuclear  instru¬ 
mentation.  Following  is  not  an  all-inclusive  list  of  such  applications: 
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A  new  active  method  for  continuous  radon  measurements  based  on  a  multiple  cell 
proportional  counter14 

4"  Application  of  nuclear  reaction  analysis  for  the  fluorine  content  measurements 
under  the  aging  investigations  of  gas-filled  particle  detectors15 
+  Readout  electronics  for  x-ray  imaging  using  gas-filled  detectors16 
v  A  novel  gas-filled  detector  for  synchrotron  radiation  applications17 
4-  Studies  of  3He  and  isobutane  mixture  as  neutron  proportional  counter  gas18 
4"  Modeling  of  ionization  produced  by  fast  charged  particles  in  gases19 
4"  A  first  mass  production  of  charge  electron  multipliers20 
4-  Neutron  detector  development  at  Brookhaven  National  Lab  21 
4"  A  low-pressure  gas  detector  for  heavy-ion  tracking  and  particle  identification22 
4-  The  status  of  gas-filled  detector  developments  at  a  third-generation  synchrotron 
source  (ESRF)23 

4"  High-performance,  imaging,  thermal  neutron  detectors24 
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PROBLEMS 

5.1  Sketch  the  HV  plateau  of  a  detector,  if  all  the  pulses  out  of  the  amplifier  have 
exactly  the  same  height. 

5.2  How  would  the  sketch  of  Problem  5.1  change  if  there  are  two  groups  of  pulses  out 
of  the  amplifier  (two  groups,  two  different  pulse  heights)? 

5.3  Sketch  counting  rate  versus  discriminator  threshold,  assuming  that  the  electronic 
noise  consists  of  pulses  in  the  range  0  <  V<  0.1  V  and  all  the  pulses  due  to  the 
source  have  height  equal  to  1.  5  V. 

5.4  In  a  cylindrical  gas-filled  detector  with  a  central  wire  radius  equal  to  25  pm  (0.001 
in.),  outer  radius  25  mm  (-1  in.),  and  1000  V  applied  between  anode  and  cathode, 
what  is  the  distance  from  the  center  of  the  detector  at  which  an  electron  gains 
enough  energy  in  1  mm  of  travel  to  ionize  helium  gas?  (Take  23  eV  as  the  ioniza¬ 
tion  potential  of  helium.) 

5.5  A  GM  detector  with  a  mica  window  is  to  be  used  for  measurement  of  14C  activity. 
What  should  the  thickness  of  the  window  be  if  it  is  required  that  at  least  90%  of  the 
14C  betas  enter  the  detector? 

5.6  What  is  the  minimum  pressure  required  to  stop  6-MeV  alphas  inside  the  argon 
atmosphere  of  a  spherical  gas-filled  detector  with  a  25-mm  radius?  Assume  the 
alpha  source  is  located  at  the  center  of  the  detector. 

5.7  You  are  asked  to  construct  a  cylindrical  Ar-filled  detector  of  such  length  that 
the  beta  particles  emitted  by  a  32P  source  and  traveling  parallel  to  the  axis  of  the 
detector  are  just  stopped  in  it  (assume  negligible  detector  window  thickness). 
What  should  be  the  length  of  the  detector  if  the  Ar  pressure  is  20  atm? 

5.8  What  is  the  ratio  of  the  saturation  ionization  currents  for  a  chamber  filled  with 
He  versus  one  filled  with  CH4  (other  things  being  equal)? 

- 2 

5.9  Show  that  the  variance  of  the  charge  multiplication  factor  M  is  equal  to  M~  if  the 
probability  distribution  is  given  by  Equation  5.22. 

5.10  Calculate  the  maximum  value  of  the  positive  ion  time  given  by  Equation  5.25  for 
a  cylindrical  detector  with  a  cathode  radius  equal  to  19  mm  (-0.75  in.)  and  a  cen¬ 
tral  anode  wire  with  a  radius  of  25  pm  (-0.001  in.).  The  high  voltage  applied  is 
1000  V;  the  pressure  of  the  gas  is  13.3  kPa  (10  cmHg);  and  the  mobility  of  the  ions 
is  13.34  Pa  m2/(V-  s). 

5.11  The  observed  counting  rate  of  a  detector  is  22,000  counts/min.  What  is  the  error 
in  the  true  counting  rate  if  the  dead  time  is  300  ps  and  no  dead-time  correction  is 
applied? 

5.12  If  the  relative  instantaneous  standard  error  of  a  rate  meter  is  10%  and  the  RC  value 
is  20  ms,  what  would  have  been  the  corresponding  counting  rate  (if  a  pulse  counter 
had  been  used)? 
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6.1  INTRODUCTION 

Scintillators  are  materials— solids,  liquids,  gases— that  produce  sparks  or  scintillations  of 
light  when  ionizing  radiation  passes  through  them.  The  first  solid  material  to  be  used  as 
a  particle  detector  was  a  scintillator.  It  was  William  Crookes  who  in  1903  was  the  first 
person  to  observe  scintillations  with  alpha  particles  impinging  on  a  ZnS  screen.1  In  1910, 
in  Rutherford’s  experimental  setup,  alpha  particles  hit  a  zinc  sulfide  screen  and  produced 
scintillations,  which  were  counted  with  or  without  the  help  of  a  microscope — a  very  inef¬ 
ficient  process,  inaccurate  and  time  consuming.  The  method  was  abandoned  for  about  30 
years  and  was  remembered  again  when  advanced  electronics  made  possible  amplification 
of  the  light  produced  in  the  scintillator. 

The  amount  of  light  produced  in  the  scintillator  is  very  small.  It  must  be  amplified 
before  it  can  be  recorded  as  a  pulse  or  in  any  other  way.  The  amplification  or  multiplication 
of  the  scintillator’s  light  is  achieved  with  a  device  known  as  the  photomultiplier  tube  (or 
phototube-,  see  Section  6.6).  Its  name  denotes  its  function:  it  accepts  a  small  amount  of  light, 
amplifies  it  many  times,  and  delivers  a  strong  pulse  at  its  output.  Amplifications  of  the  order 
of  106  are  common  for  many  commercial  photomultiplier  tubes.  Apart  from  the  phototube, 
a  detection  system  that  uses  a  scintillator  is  no  different  from  any  other  (Figure  6.1). 

The  operation  of  a  scintillation  detector  may  be  divided  into  two  broad  steps: 

1.  Absorption  of  incident  radiation  energy  by  the  scintillator  and  production  of  pho¬ 
tons  in  the  visible  part  of  the  electromagnetic  spectrum 

2.  Amplification  of  the  light  by  the  photomultiplier  tube  and  production  of  the  output 
pulse 
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FIGURE  6.1  A  detection  system  using  a  scintillator. 


The  sections  that  follow  analyze  these  two  steps  in  detail.  The  different  types  of  scintil¬ 
lators  are  divided,  for  the  present  discussion,  into  three  groups: 

1.  Inorganic  scintillators 

2.  Organic  scintillators 

3.  Gaseous  scintillators 

6.2  INORGANIC  (CRYSTAL)  SCINTILLATORS 

Most  of  the  inorganic  scintillators  are  crystals  of  the  alkali  metals,  in  particular  alkali 
iodides,  that  contain  a  small  concentration  of  an  impurity.  Some  examples  are  Nal(Tl), 
CsI(Tl),  Cal(Na),  Lil(Eu),  and  CaF2(Eu).  The  element  in  parentheses  is  the  impurity  or  acti¬ 
vator.  Although  the  activator  has  a  relatively  small  concentration — for  example,  thallium  in 
Nal(Tl)  is  10-3  on  a  per  mole  basis— it  is  the  agent  that  is  responsible  for  the  luminescence 
of  the  crystal.  In  1948,  Hofstatder2  discovered  the  crystal  detector  and  in  1950  published  his 
findings  on  the  properties  of  scintillation  detectors.3 

6.2.1  Mechanism  of  the  Scintillation  Process 

The  luminescence  of  inorganic  scintillators  can  be  understood  in  terms  of  the  allowed  and 
forbidden  energy  bands  of  a  crystal.  The  electronic  energy  states  of  an  atom  are  discrete 
energy  levels,  which  in  an  energy  level  diagram  are  represented  as  discrete  lines.  In  a  crystal, 
the  allowed  energy  states  widen  into  bands  (Figure  6.2).  In  the  ground  state  of  the  crystal,  the 
uppermost  allowed  band  that  contains  electrons  is  completely  filled.  This  is  called  the  valence 
band.  The  next  allowed  band  is  empty  (in  the  ground  state)  and  is  called  the  conduction  band. 
An  electron  may  obtain  enough  energy  from  incident  radiation  to  move  from  the  valence  to 
the  conduction  band.  Once  there,  the  electron  is  free  to  move  anywhere  in  the  lattice.  The 
removed  electron  leaves  behind  a  hole  in  the  valence  band,  which  can  also  move.  Sometimes, 
the  energy  given  to  the  electron  is  not  sufficient  to  raise  it  to  the  conduction  band.  Instead, 
the  electron  remains  electrostatically  bound  to  the  hole  in  the  valence  band.  The  electron- 
hole  pair  thus  formed  is  called  an  exciton.  In  terms  of  energy  states,  the  exciton  corresponds 
to  elevation  of  the  electron  to  a  state  higher  than  the  valence  but  lower  than  the  conduction 
band.  Thus,  the  exciton  states  form  a  thin  band,  with  the  upper  level  coinciding  with  the  lower 
level  of  the  conduction  band  (Figure  6.2).  The  width  of  the  exciton  band  is  of  the  order  of  1  eV, 
whereas  the  gap  between  valence  and  conduction  bands  is  of  the  order  of  8  eV. 

In  addition  to  the  exciton  band,  energy  states  may  be  created  between  valence  and  con¬ 
duction  bands  because  of  crystal  imperfections  or  impurities.  Particularly  important  are  the 
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Conduction  band 
(normally  empty) 

Exciton  band 


Valence  band 
(normally  full) 


FIGURE  6.2  Allowed  and  forbidden  energy  bands  of  a  crystal. 


states  created  by  the  activator  atoms  such  as  thallium.  The  activator  atom  may  exist  in  the 
ground  state  or  in  one  of  its  excited  states.  Elevation  to  an  excited  state  may  be  the  result  of 
a  photon  absorption,  or  of  the  capture  of  an  exciton,  or  of  the  successive  capture  of  an  elec¬ 
tron  and  a  hole.  The  transition  of  the  impurity  atom  from  the  excited  to  the  ground  state,  if 
allowed,  results  in  the  emission  of  a  photon  in  times  of  the  order  of  ICh8  s.  If  this  photon  has 
a  wavelength  in  the  visible  part  of  the  electromagnetic  spectrum,  it  contributes  to  scintilla¬ 
tion.  Thus,  production  of  scintillation  is  the  result  of  the  occurrence  of  these  events: 

1.  Ionizing  radiation  enters  the  crystal. 

2.  Electrons  are  raised  to  the  conduction  band. 

3.  Holes  are  created  in  the  valence  band. 

4.  Excitons  are  formed. 

5.  Activator  centers  are  raised  to  the  excited  states  by  absorbing  electrons,  holes,  and 
excitons. 

6.  Deexcitation  is  followed  by  the  emission  of  a  photon. 

The  light  emitted  by  a  scintillator  is  primarily  the  result  of  transitions  of  the  activa¬ 
tor  atoms,  and  not  of  the  crystal.  Since  most  of  the  incident  energy  goes  to  the  lattice  of 
the  crystal — eventually  becoming  heat— the  appearance  of  luminescence  produced  by  the 
activator  atoms  means  that  energy  is  transferred  from  the  host  crystal  to  the  impurity.  For 
Nal(Tl)  scintillators,  about  12%  of  the  incident  energy  appears  as  thallium  luminescence.4 
An  excellent  explanation  of  the  principle  of  photoemission  mechanism  has  been  presented 
by  Lempicki  in  1995  in  his  review  article  on  the  physics  of  inorganic  scintillators.5 

The  magnitude  of  light  output  and  the  wavelength  of  the  emitted  light  are  two  of  the 
most  important  properties  of  any  scintillator.  The  light  output  affects  the  number  of  photo¬ 
electrons  generated  at  the  input  of  the  photomultiplier  tube  (see  Section  6.6),  which  in  turn 
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FIGURE  6.3  Emission  spectra  of  Nal(TI),  Csl(TI),  Csl(Na),  and  anthracene,  compared  to  the  spec¬ 
tral  response  of  two  photocathode  materials.  PMT,  photomultiplier  tube.  (From  Flarshaw  Research 
Laboratory  Report,  Flarshaw  Chemical  Company,  1978.  With  permission.) 


TABLE  6.1 

Properties  of  Certain  Inorganic  Scintillators 

Material 

Wavelength  of  Maximum 
Emission  (nm) 

Scintillation  Efficiency 
(Relative,  %) 

Decay  Time 

(|JS) 

Density 
(1 03  kg/m3) 

Nal(TI) 

410 

100 

0.23 

3.67 

CaF2(Eu) 

435 

50 

0.94 

3.18 

Csl(Na) 

420 

80 

0  63 

4.51 

Csl(TI) 

565 

45 

1.00 

4.51 

Bi4Ge30,2 

480 

8 

0.30 

7.13 

CdW04 

530 

20 

0.90 

7.90 

6Lil(Eu) 

470 

30 

0.94 

3.49 

affects  the  pulse  height  produced  at  the  output  of  the  counting  system.  Information  about 
the  wavelength  is  necessary  in  order  to  match  the  scintillator  with  the  proper  photomulti¬ 
plier  tube.  Emission  spectra  of  Nal(Tl),  CsI(Na),  and  CsI(Tl)  are  shown  in  Figure  6.3.  Also 
shown  in  Figure  6.3  are  the  responses  of  two  phototube  cathode  materials.  Table  6.1  gives 
the  most  important  properties  of  some  inorganic  scintillators. 

The  light  output  of  the  scintillators  depends  on  temperature.  Figure  6.4  shows  the  tem¬ 
perature  response  of  Nal(Tl),  Cs(Tl),  and  CsI(Na). 

6.2.2  Time  Dependence  of  Photon  Emission 

Since  photons  are  emitted  as  a  result  of  decays  of  excited  states,  the  time  of  their  emission 
depends  on  the  decay  constants  of  the  different  states  involved.  Experiments  show  that  the 
emission  of  light  follows  an  exponential  decay  law  of  the  form 


N{t)=N0e~tlT 


(6.1) 


www.Ebook777.com 


Scintillation  Detectors  199 


where  N(t)  is  the  number  of  photons  emitted  at  time  t  and  T  is 
the  decay  time  of  the  scintillator  (see  Table  6.1). 

Most  of  the  excited  states  in  a  scintillator  have  essentially 
the  same  lifetime  T.  There  are,  however,  some  states  with  lon¬ 
ger  lifetimes  contributing  a  slow  component  in  the  decay  of  the 
scintillator  known  as  afterglow,  it  is  present  to  some  extent  in  all 
inorganic  scintillators  and  may  be  important  in  certain  measure¬ 
ments  where  the  integrated  output  of  the  phototube  is  used.  Two 
scintillators  with  negligible  afterglow  are  CaF2(Eu)  and  Bi4Ge3012 
(bismuth  orthogermanate). 

In  a  counting  system  using  a  scintillator,  the  light  pro¬ 
duced  by  the  crystal  is  amplified  by  a  photomultiplier  tube  and 
is  transformed  into  an  electric  current  having  the  exponential 
behavior  given  by  Equation  6.1  This  current  is  fed  into  an  RC 
circuit  as  shown  in  Figure  6.5,  and  a  voltage  pulse  is  produced 
of  the  form 


FIGURE  6.4  Temperature  dependence  of  light 
output  of  Nal(TI),  Csl(TI),  and  Csl(Na).  (From  Harshaw 
Research  Laboratory  Report.  With  permission.) 


V{t)  =  Vje~tlRC-e-tlT) 


(6.2) 


In  practice,  the  value  of  RC  is  selected  to  be  of  the  order  of  a  few  hundreds  of  microsec¬ 
onds.  Thus,  for  short  times— that  is,  t  RC,  which  is  the  time  span  of  interest — Equation 
6.2  takes  the  form 


V{t)  =  VJl  -  e~tlT)  (6.2a) 

Note  that  the  rate  at  which  the  pulse  rises  (rise  time)  is  determined  by  the  decay  time 
T.  In  certain  measurements,  for  example,  coincidence-anticoincidence  measurements 
(Chapter  10),  the  timing  characteristics  of  the  pulse  are  extremely  important. 


FIGURE  6.5  (a)  A  voltage  pulse  results  from  the  exponential  current,  (b)  the  shape  of  the  pulse 

for  RC»  T. 
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6.2.3  Important  Properties  of  Certain  Inorganic  Scintillators 

6.2. 3.1  Nal(TI) 

Nal(Tl)  is  the  most  commonly  used  scintillator  for  gamma  rays.  It  has  been  produced  in  sin¬ 
gle  crystals  of  up  to  0.75  m  (~30  in.)  in  diameter  and  of  considerable  thickness  (0.25  m  =  10 
in.).  Its  relatively  high  density  (3.67  x  103  kg/m3)  and  high  atomic  number  combined  with 
the  large  volume  make  it  a  y-ray  detector  with  very  high  efficiency.  Although  semiconduc¬ 
tor  detectors  (Chapters  7  and  12)  have  better  energy  resolution,  they  cannot  replace  the 
Nal(Tl)  in  experiments  where  large  detector  volumes  are  needed. 

The  emission  spectrum  of  Nal(Tl)  peaks  at  410  nm,  and  the  light-conversion  efficiency 
is  the  highest  of  all  the  inorganic  scintillators  (Table  6.1).  As  a  material,  Nal(Tl)  has  many 
undesirable  properties.  It  is  brittle  and  sensitive  to  temperature  gradients  and  thermal 
shocks.  It  is  also  so  hygroscopic  that  it  should  be  kept  encapsulated  at  all  times.  Nal  always 
contains  a  small  amount  of  potassium,  which  creates  a  certain  background  because  of  the 
radioactive  40I<. 

6.2. 3.2  Csl(TI) 

CsI(Tl)  has  a  higher  density  (4.51  x  103  kg/m3)  and  higher  atomic  number  than  Nal;  there¬ 
fore,  its  efficiency  for  gamma  detection  is  higher.  The  light-conversion  efficiency  of  CsI(Tl) 
is  about  45%  of  that  for  Nal(Tl)  at  room  temperature.  At  liquid  nitrogen  temperatures 
(77  I<),  pure  Csl  has  a  light  output  equal  to  that  of  Nal(Tl)  at  room  temperature  and  a 
decay  constant  equal  to  10“8  s.6  The  emission  spectrum  of  CsI(Tl)  extends  from  420  to 
about  600  nm. 

Csl  is  not  hygroscopic.  Being  softer  and  more  plastic  than  Nal,  it  can  withstand  severe 
shocks,  acceleration,  and  vibration,  as  well  as  large  temperature  gradients  and  sudden  tem¬ 
perature  changes.  These  properties  make  it  suitable  for  space  experiments.  Finally,  Csl  does 
not  contain  potassium. 

6.2. 3.3  Csl(Na) 

The  density  and  atomic  number  of  CsI(Na)  are  the  same  as  those  of  CsI(Tl).  The  light- 
conversion  efficiency  is  about  85%  of  that  for  Nal(Tl).  Its  emission  spectrum  extends  from 
320  to  540  nm  (see  Figure  6.3).  CsI(Na)  is  slightly  hygroscopic. 

6.2. 3.4  CaF2(Eu) 

CaF2(Eu)  consists  of  low-atomic-number  materials,  and  for  this  reason  makes  an  efficient 
detector  for  (3  particles7  and  x-rays8  with  low  gamma  sensitivity.  It  is  similar  to  Pyrex  and 
can  be  shaped  to  any  geometry  by  grinding  and  polishing.  Its  insolubility  and  inertness 
make  it  suitable  for  measurements  involving  liquid  radioisotopes.  The  light-conversion  effi¬ 
ciency  of  CaF2(Eu)  is  about  50%  of  that  for  Nal(Tl).  The  emission  spectrum  extends  from 
about  405  to  490  nm. 

6.2. 3.5  Lil(Eu) 

Lil(Eu)  is  an  efficient  thermal-neutron  detector  through  the  reaction  fLi(«,  a)?H.  The  alpha 
particle  and  the  triton,  both  charged  particles,  produce  the  scintillations.  Lil  has  a  density 
of  4.06  x  103  kg/m3,  decay  time  of  about  1.1  jas,  and  emission  spectrum  peaking  at  470  nm. 
Its  conversion  efficiency  is  about  one-third  of  that  for  Nal.  It  is  very  hygroscopic  and  is  sub¬ 
ject  to  radiation  damage  after  exposure  to  neutrons. 
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6.2.3.6  Other  Inorganic  Scintillators 

Many  other  scintillators  have  been  developed  for  special  applications.  Examples  are 
Bi4Ge3012,  CdW04,  and  others  such  as9  MF2:UF4:CeF3,  where  M  stands  for  one  of  the  fol¬ 
lowing:  Ca,  Sr,  Ba.  This  last  scintillator,  containing  2%  UF4  and  using  Ce  as  the  fluorescing 
agent,  has  been  used  for  detection  of  fission  fragments. 


6.2.4  Applications  of  Inorganic  Scintillators 


During  the  past  two  decades,  there  has  been  an  increasing  usage  of  inorganic  scintillators 
in  a  wide  variety  of  materials  research.  The  following  is  a  small  sample  of  the  many  new 
applications:  multienergy  neutron  detector  for  counting  thermal  neutrons,  high-energy 
neutrons,  and  photons  separately,10  solid  scintillation  counting  as  a  new  technique  for  mea¬ 
suring  radiolabeled  compounds,11  the  use  of  Hgl2  photodetectors  combined  with  scintil¬ 
lators  for  gamma  ray  spectroscopy,12  application  of  a  cerium  fluoride  scintillator  for  high 
counting  rates,13  high-position-resolution  neutron  imaging  detector  with  crossed  wave¬ 
length  shifting  fiber  readout  using  two  ZnS/6LiF  scintillator  sheets,14  the  growth  and  scin¬ 
tillation  properties  of  CsCe2Cl7  crystal,15  slow  neutron  beam  diagnostics  with  a  scintillating 
fiber  detector,16  spectroscopy  of  high  rate  events  during  active  interrogation,17  and  large- 
area  plastic  scintillator  detector  array  for  fast  neutron  measurements.18 


6.3  ORGANIC  SCINTILLATORS 

The  materials  that  are  efficient  organic  scintillators  belong  to  the  class  of  aromatic  com¬ 
pounds.  They  consist  of  planar  molecules  made  up  of  benzenoid  rings.  Two  examples  are 
toluene  and  anthracene,  having  the  structures  shown  in  Figure  6.6. 

Organic  scintillators  are  formed  by  combining  appropriate  compounds.  They  are  clas¬ 
sified  as  unitary,  binary,  ternary,  and  so  on,  depending  on  the  number  of  compounds  in  the 
mixture.  The  substance  with  the  highest  concentration  is  called  the  solvent.  The  others  are 
called  solutes.  A  binary  scintillator  consists  of  a  solvent  and  a  solute,  while  a  ternary  scintil¬ 
lator  is  made  of  a  solvent,  a  primary  solute,  and  a  secondary  solute.  Table  6.2  lists  the  most 
common  compounds  used. 


FIGURE  6.6  Molecular 
structure  of  (a)  toluene 
and  (b)  anthracene. 


6.3.1  Mechanism  of  the  Scintillation  Process 

The  production  of  light  in  organic  scintillators  is  the  result  of  molecular  transitions. 
Consider  the  energy  level  diagram  of  Figure  6.7,  which  shows  how  the  potential  energy  of 
a  molecule  changes  with  interatomic  distance.  The  ground  state  of  the  molecule  is  at  point 
A0,  which  coincides  with  the  minimum  of  the  potential  energy.  Ionizing  radiation  passing 
through  the  scintillator  may  give  energy  to  the  molecule  and  raise  it  to  an  excited  state, 
that  is,  the  transition  A0^Al  may  occur.  The  position  A1  is  not  the  point  of  minimum 
energy.  The  molecule  will  release  energy  through  lattice  vibrations  (that  energy  is  eventu¬ 
ally  dissipated  as  heat)  and  move  to  point  Bv  The  point  B1  is  still  an  excited  state  and,  in 
some  cases,  the  molecule  will  undergo  the  transition  B^^^-Bq  accompanied  by  the  emis¬ 
sion  of  the  photon  with  energy  equal  to  EBl  -  EBo.  This  transition,  if  allowed,  takes  place 
at  times  of  the  order  of  10~8  s.  It  should  be  noted  that  the  energy  of  the  emitted  photon 
EBl  -  EBo  is  less  than  the  energy  that  caused  the  excitation  EAl  -  E ^ .  This  difference  is  very 
important  because  otherwise  the  emission  spectrum  of  the  scintillator  would  completely 
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TABLE  6.2 

Organic  Scintillator  Compounds 

Compound 

Formula 

Application3 

Benzene 

c6h6 

S 

Toluene 

c6h5ch3 

s 

p-Xylene 

c6h4(ch3)2 

s 

1 ,2,4-Trimethylbenzene  (pseudocumene) 

c6h3(ch3)3 

s 

Hexamethylbenzene 

C6(CH3)6 

s 

Styrene  monomer 

C6HsC2H3 

s 

Vinyltoluene  monomer 

c6h4ch3c2h3 

s 

Naphthalene 

C,oH8 

S',C 

Anthracene 

c 

Biphenyl 

c,2H10 

S' 

p-Terphenyl 

f- 1  fil  1 14 

C,PS 

p-Quaterphenyl 

f- 24  if  1 8 

c 

(ra/is-Stilbene 

c14h12 

c 

Diphenylacetylene 

Q4ifio 

c 

1,T,4,4'-Tetraphenylbutadiene 

Q8fl22 

SS 

Diphenylstilbene 

(-26^20 

SS 

PPO  (2,5-diphenyloxazole) 

c15h„no 

PS 

a-NPO  [2-(1-naphthyl)-5-phenyloxazole] 

c19h13no 

PS 

PBD  [2-phenyl,5-(4-biphenylyl)-1 ,3,4-oxadiazole] 

c20h14n2o 

PS 

BBO  [2,5-di(4-biphenylyl)-oxazole] 

c27h19no 

SS 

POPOP  {1 ,4-bis[2-(5-phenyloxazolyl)]-benzene} 

c24h16n2o2 

SS 

TOPOT  P{1 ,4-di-[2-(5-p-tolyloxazolyl)]-benzene} 

c26h20n2o2 

SS 

DiMePOPOP  {1,4-di[2-(4-methyl-5-phenyloxazolyl)]-benzene} 

c26h20n2o2 

SS 

Source:  Brooks,  F.  D.,  Nud.  Instrum.  Meth.  1 62:477;  1 979. 

a  S — primary  solvent;  S' — secondary  solvent;  PS — primary  solute;  SS 

— secondary  solute;  C — crystal 

scintillator. 

coincide  with  its  absorption  spectrum  and  no  scintillations 
would  be  produced.  A  more  detailed  description  of  the  scin¬ 
tillation  process  is  given  in  the  references  (see  Birks,  1964; 
Reference  19). 

One  of  the  important  differences  between  inorganic  and 
organic  scintillators  is  in  the  response  time,  which  is  less  than 
10  ns  for  the  latter  (response  time  of  inorganic  scintillators 
is  ~1  |is;  see  Table  6.1)  and  makes  them  suitable  for  fast  tim¬ 
ing  measurements  (see  Chapter  10).  Table  6.3  lists  important 
properties  of  some  organic  scintillators. 


FIGURE  6.7 

molecule. 


Atypical  (simplified)  energy  diagram  of  a  6.3.2  ORGANIC  CRYSTAL  SCINTILLATORS 

No  activator  is  needed  to  enhance  the  luminescence  of  organic 
crystals.  In  fact,  any  impurities  are  undesirable  because  their 
presence  reduces  the  light  output,  and  for  this  reason,  the  material  used  to  make  the  crys¬ 
tal  is  purified.  Two  of  the  most  common  organic  crystal  scintillators  are  anthracene  and 
fraws-stilbene. 


www.Ebook777.com 


Scintillation  Detectors  203 


TABLE  6.3 

Properties  of  Certain  Organic  Scintillators 

Wavelength  of  Maximum  Relative  Scintillation 

Decay 

Density 

Material 

Emission  (nm) 

Efficiency  (%) 

Time  (ns) 

(103  kg/m3) 

Anthracene 

445 

100 

~30 

1.25 

tra/is-Stilbene 

385 

~60 

4-8 

1.16 

NE  102 

350-450 

~65 

2 

1.06 

NE  110 

350-450 

60 

3 

1.06 

NE  21 3  (liquid) 

350-450 

~60 

2 

0.867 

PILOT  B 

350-450 

68 

2 

1.06 

PILOT  Y 

350-450 

64 

~3 

1.06 

Anthracene  has  a  density  of  1.25  x  103  kg/m3  and  the  highest  light  conversion  effi¬ 
ciency  of  all  organic  scintillators  (see  Table  6.3) — which  is  still  only  about  one-third  of  the 
light  conversion  efficiency  of  Nal(Tl).  Its  decay  time  (~30  ns)  is  much  shorter  than  that  of 
inorganic  crystals.  Anthracene  can  be  obtained  in  different  shapes  and  sizes. 

trans- Stilbene  has  a  density  of  1.15  x  103  kg/m3  and  a  short  decay  time  (4-8  ns).  Its 
light  conversion  efficiency  is  about  half  of  that  for  anthracene.  It  can  be  obtained  as  a  clear, 
colorless,  single  crystal  with  a  size  up  to  several  millimeters.  Stilbene  crystals  are  sensitive 
to  thermal  and  mechanical  shock. 

6.3.3  Organic  Liquid  Scintillators 

Liquid  scintillator  counting  was  codiscovered  in  1950  by  Kellman20  and  Reynolds  et  al.21  It 
has  been  extensively  used  with  radioactive  tracers  research  in  the  life  sciences.  The  organic 
liquid  scintillators  consist  of  a  mixture  of  a  solvent  with  one  or  more  solutes.  Compounds 
that  have  been  used  successfully  as  solvents  include  xylene,  toluene,  and  hexamethylben- 
zene  (see  Table  6.2). 

Satisfactory  solutes  include  p- terphenyl,  PBD,  and  POPOR 

In  a  binary  scintillator,  the  incident  radiation  deposits  almost  all  of  its  energy  in  the  sol¬ 
vent  but  the  luminescence  is  due  almost  entirely  to  the  solute.  Thus,  as  in  the  case  of  inor¬ 
ganic  scintillators,  an  efficient  energy  transfer  is  taking  place  from  the  bulk  of  the  phosphor 
to  the  material  with  the  small  concentration  (activator  in  inorganic  scintillators,  solute  in 
organic  ones).  If  a  second  solute  is  added,  it  acts  as  a  wavelength  shifter,  that  is,  it  increases 
the  wavelength  of  the  light  emitted  by  the  first  solute,  so  that  the  emitted  radiation  is  better 
matched  with  the  characteristics  of  the  cathode  of  the  photomultiplier  tube. 

Liquid  scintillators  are  very  useful  for  measurements  where  a  detector  with  large  vol¬ 
ume  is  needed  to  increase  efficiency.  Examples  are  counting  of  low-activity  (3-emitters  (3H 
and  14C  in  particular),  detection  of  cosmic  rays,  and  measurement  of  the  energy  spectrum 
of  neutrons  in  the  MeV  range  (see  Chapter  14)  using  the  scintillator  NE  213.  The  liquid 
scintillators  are  well  suited  for  such  measurements  because  they  can  be  obtained  and  used 
in  large  quantities  (kiloliters)  and  can  form  a  detector  of  desirable  size  and  shape  by  utiliz¬ 
ing  a  proper  container. 

In  certain  cases,  the  radioisotope  to  be  counted  is  dissolved  in  the  scintillator,  thus 
providing  4 jt  geometry  (see  Chapter  8)  and,  therefore,  high  detection  efficiency.  In  oth¬ 
ers,  an  extra  element  or  compound  is  added  to  the  scintillator  to  enhance  its  detection 
efficiency  without  causing  significant  deterioration  of  the  luminescence.  Boron,  cadmium, 
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or  gadolinium,22-24  used  as  additives,  cause  an  increase  in  neutron  detection  efficiency.  On 
the  other  hand,  fluorine-loaded  scintillators  consist  of  compounds  in  which  fluorine  has 
replaced  hydrogen,  thus  producing  a  phosphor  with  low  neutron  sensitivity. 

Some  of  the  more  recent  applications  of  liquid  scintillation  counting  includes  digital 
discrimination  of  neutrons  and  gamma  rays  in  liquid  scintillators  using  wavelets,25  classi¬ 
cal  versus  evolved  quenching  parameters  and  procedures  in  scintillation  measurements,26 
speciation  of  129I  in  the  environmental  and  biological  samples,27  and  210Po  determination  in 
urines  of  people  living  in  Central  Italy.28 


6.3.4  Plastic  Scintillators 

The  plastic  scintillators  may  be  considered  as  solid  solutions  of  organic  scintillators.  They 
have  properties  similar  to  those  of  liquid  organic  scintillators  (Table  6.3),  but  they  have  the 
added  advantage,  compared  to  liquids,  that  they  do  not  need  a  container.  Plastic  scintilla¬ 
tors  can  be  machined  into  almost  any  desirable  shape  and  size,  ranging  from  thin  fibers  to 
thin  sheets.  They  are  inert  to  water,  air,  and  many  chemicals,  and  for  this  reason  they  can 
be  used  in  direct  contact  with  the  radioactive  sample. 

Plastic  scintillators  are  also  mixtures  of  a  solvent  and  one  or  more  solutes.  The  most 
frequently  used  solvents  are  polysterene  and  polyvinyltoluene.  Satisfactory  solutes  include 
y>-terphenyl  and  POPOP.  The  exact  compositions  of  some  plastic  scintillators  are  given  in 
Reference  29. 

Plastic  scintillators  have  a  density  of  about  103  kg/m3.  Their  light  output  is  lower  than 
that  of  anthracene  (Table  6.3).  Their  decay  time  is  short,  and  the  wavelength  corresponding 
to  the  maximum  intensity  of  their  emission  spectrum  is  between  350  and  450  nm.  Trade 
names  of  commonly  used  plastic  scintillators  are  Pilot  B,  Pilot  Y,  NE  102,  and  NE  110.  The 
characteristics  of  these  phosphors  are  discussed  in  References  30  through  32.  Plastic  scintil¬ 
lators  loaded  with  tin  and  lead  have  been  tried  as  x-ray  detectors  in  the  5-100  keV  range.33’34 
Thin  plastic  scintillator  films  (as  thin  as  20  x  10-5  kg/m2  =  20  |ag  cm2)  have  proven  to  be 
useful  detectors  in  time-of-flight  measurements35-37  (see  Chapter  13). 

Some  recent  applications  of  plastic  scintillators  include  a  large-area  detector  array 
for  fast  neutron  measurements,38  energy  calibration  of  gamma  spectra  using  Compton 
kinematics,39  design  of  a  detector  for  y-ray  bursts,40  and  a  y-ray  large-area  space 
telescope.41 

6.4  GASEOUS  SCINTILLATORS 

Gaseous  scintillators  are  mixtures  of  noble  gases.42,43  The  scintillations  are  produced  as  a 
result  of  atomic  transitions.  Since  the  light  emitted  by  noble  gases  belongs  to  the  ultraviolet 
region,  other  gases,  such  as  nitrogen,  are  added  to  the  main  gas  to  act  as  wavelength  shift¬ 
ers.  Thin  layers  of  fluorescent  materials  used  for  coating  the  inner  walls  of  the  gas  container 
achieve  the  same  effect. 

Gaseous  scintillators  exhibit  the  following  features: 

1.  Very  short  decay  time 

2.  Light  output,  per  MeV  deposited  in  the  gas,  depending  very  little  on  the  charge  and 
mass  of  the  particle  being  detected 

3.  Very  low  efficiency  for  gamma  detection 
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These  properties  make  the  gaseous  scintillators  suitable  for  the  energy  measurement  of 
heavy  charged  particles  (alphas,  fission  fragments,  other  heavy  ions).  A  recent  book  on  noble 
gas  detectors  including  those  used  in  scintillators  was  published  by  Aprile  et  al.  (2006). 

6.5  RELATIONSHIP  BETWEEN  PULSE  HEIGHT  AND 
ENERGY  AND  TYPE  OF  INCIDENT  PARTICLE 

To  measure  the  energy  of  the  incident  particle  with  a  scintillator,  the  relationship  between 
the  pulse  height  and  the  energy  deposited  in  the  scintillator  must  be  known.  Because  the 
pulse  height  is  proportional  to  the  output  of  the  photomultiplier,  whose  output  is  in  turn 
proportional  to  the  light  produced  by  the  scintillator,  it  is  necessary  to  know  the  light-con- 
version  efficiency  of  the  scintillator  as  a  function  of  type  and  energy  of  incident  radiation. 
The  rest  of  this  section  presents  experimental  results  for  several  cases  of  interest. 

6.5.1  Response  of  Inorganic  Scintillators 

6.5.1 .1  Photons 

The  response  of  Nal(Tl)  to  gammas  is  linear,  except  for  energies  below  400  keV,  where  a 
slight  nonlinearity  is  present.  Experimental  results  are  shown  in  Figure  6.8.44  More  details 
about  the  Nal(Tl)  response  to  gammas  are  given  in  Chapter  12. 

6.5.1. 2  Charged  Particles 

For  protons  and  deuterons,  the  response  of  the  scintillator  is  proportional  to  the  parti¬ 
cle  energy,  at  least  for  E  >  1  MeV.  For  alpha  particles,  the  proportionality  begins  at  about 
15  MeV  (Figure  6.9).45  Theoretical  aspects  of  the  response  have  been  studied  extensively.46-49 
Today,  inorganic  scintillators  are  seldom  used  for  detection  of  charged  particles. 

Photon  energy,  keV 


50  100  150  200  250  300 


Photon  energy,  keV 


FIGURE  6.8  Pulse  height  versus  energy  for  a  Nal(TI)  crystal.  The  region  below  300  keV  has 
been  expanded  in  curve  B  to  show  the  nonlinearity.  (From  Engelkemeir,  B.,  Rev.  Sci.  Instrum. 
27:989;1 956.  With  permission.) 
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FIGURE  6.9  Pulse  height  versus  energy  for  a 
Nal(TI)  crystal  resulting  from  charged  particles. 
(From  Eby,  F.  S.  and  Jentschke,  W.  K.,  Phys.  Rev. 
96:91 1  ;1 954.  With  permission.) 


6.5.1. 3  Neutrons 

Because  neutrons  are  detected  indirectly  through  charged  particles 
produced  as  a  result  of  nuclear  reactions,  to  find  the  response  to  neu¬ 
trons,  one  looks  at  the  response  to  alphas  and  protons.  Lil(Eu),  which 
is  the  crystal  used  for  neutron  detection,  has  essentially  the  same 
response  as  Nal(Tl)  (Figure  6.9). 

6.5.2  Response  of  Organic  Scintillators 
6.5. 2.1  Charged  Particles 

Experiments  have  shown  that  organic  crystal  scintillators  (e.g.,  anthra¬ 
cene)  exhibit  a  direction-dependent  response  to  alphas50  and  protons.51 
An  adequate  explanation  of  the  direction-dependent  characteristics  of 
the  response  does  not  exist  at  present.  The  user  should  be  aware  of  the 
phenomenon  to  avoid  errors. 

The  response  of  plastic  and  liquid  scintillators  to  electrons,  pro¬ 
tons,  and  alphas  is  shown  in  Figures  6.10  through  6. 12. 52-54  Note  that 
the  response  is  not  linear,  especially  for  heavier  ions.  The  response  has 


been  studied  theoretically  by  many  investigators  (Birks,  1964;  References  55  through  58). 

6.5.2. 2  Photons  and  Neutrons 


Organic  scintillators  are  not  normally  used  for  the  detection  of  gammas  because  of  their  low 
efficiency.  The  liquid  scintillator  NE  213*  is  used  for  y  detection  in  mixed  neutron-gamma 


Electron  energy,  keV 
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FIGURE  6.10  Pulse  height  versus  energy  for  a  liquid  scintillator  resulting  from  alphas  and  electrons. 
(Reprinted  from  Nucl.  Instrum.  Meth.,  27,  Flynn,  K.  F.  et  al.,  13,  Copyright  1964,  with  permission  from 
Elsevier.) 


NE  213  consists  of  xylene,  activators,  and  POPOP  as  the  wavelength  shifter.  Naphthalene  is  added  to  enhance 
the  slow  components  of  light  emission.  The  composition  of  NE  213  is  given  as  CH^  2i  and  its  density  as 
0.867  x  103  kg/cm3. 
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FIGURE  6.11  Plastic  scintillator  (NE  102)  response  to  electrons  and  protons.  (Reprinted  from  Nucl. 
Instrum.  Meth.  80,  Craun,  R.  L.  and  Smith,  D.  L.,  239,  Copyright  1970,  with  permission  from  Elsevier.) 


fields59  because  of  its  ability  to  discriminate  against  neutrons.  Neutrons  are  detected  by  NE 
213  through  the  proton-recoil  method.  More  details  about  the  use  of 
the  NE  213  scintillator  and  its  response  function  are  given  in  Chapters 
12  and  14. 

6.6  THE  PHOTOMULTIPLIER  TUBE 

6.6.1  General  Description 

The  photomultiplier  tube  or  phototube  is  an  integral  part  of  a  scin¬ 
tillation  detector  system.  Without  the  amplification  produced  by  the 
photomultiplier,  a  scintillator  is  useless  as  a  radiation  detector.  The  pho¬ 
tomultiplier  is  essentially  a  fast  amplifier,  which  in  times  of  10~9  s  ampli¬ 
fies  an  incident  pulse  of  visible  light  by  a  factor  of  106  or  more. 

A  photomultiplier  consists  of  an  evacuated  glass  tube  with  a  pho¬ 
tocathode  at  its  entrance  and  several  dynodes  in  the  interior  (Figure 
6.13).  The  anode,  located  at  the  end  of  a  series  of  dynodes,  serves  as  the 
collector  of  electrons.  The  photons  produced  in  the  scintillator  enter 
the  phototube  and  hit  the  photocathode,  which  is  made  of  a  material 
that  emits  electrons  when  light  strikes  it.  The  electrons  emitted  by  the 
photocathode  are  guided,  with  the  help  of  an  electric  field,  toward  the 
first  dynode,  which  is  coated  with  a  substance  that  emits  secondary 
electrons,  if  electrons  impinge  upon  it.  The  secondary  electrons  from  the  first  dynode  move 
toward  the  second,  from  there  toward  the  third,  and  so  on.  Typical  commercial  phototubes 
may  have  up  to  15  dynodes.  The  production  of  secondary  electrons  by  the  successive  dyn¬ 
odes  results  in  a  final  amplification  of  the  number  of  electrons  as  shown  in  the  next  section. 

The  electric  field  between  dynodes  is  established  by  applying  a  successively  increasing 
positive  high  voltage  to  each  dynode.  The  voltage  difference  between  two  successive  dyn¬ 
odes  is  of  the  order  of  80-120  V  (see  Section  6.6.2). 


FIGURE  6.12  Plastic  scintillator  (NE  102) 
response  to  heavy  ions.  (From  Becchetti,  F.  D., 
Thorn,  C.  E.,  and  Levine,  M.  S.,  Nucl.  Instrum. 
Meth.  138:93;1976.  With  permission.) 
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Photocathode 


FIGURE  6.13  Schematic  diagram  of  the  interior  of  a  photomultiplier  tube. 


The  photocathode  material  used  in  most  commercial  phototubes  is  a  compound  of 
cesium  and  antimony  (Cs-Sb).  The  material  used  to  coat  the  dynodes  is  either  Cs-Sb  or 
silver-magnesium  (Ag-Mg).  The  secondary  emission  rate  of  the  dynodes  depends  not  only 
on  the  type  of  surface  but  also  on  the  voltage  applied. 

A  very  important  parameter  of  every  photomultiplier  tube  is  the  spectral  sensitivity 
of  its  photocathode.  For  best  results,  the  spectrum  of  the  scintillator  should  match  the 
sensitivity  of  the  photocathode.  The  Cs-Sb  surface  has  a  maximum  sensitivity  at  440  nm, 
which  agrees  well  with  the  spectral  response  of  most  scintillators  (Tables  6.1  and  6.3).  Such 
a  response,  called  S-ll,  is  shown  in  Figure  6.3.  Other  responses  of  commercial  phototubes 
are  known  as  S-13,  S-20,  and  so  on. 

Another  important  parameter  of  a  phototube  is  the  magnitude  of  its  dark  current.  The 
dark  current  consists  mainly  of  electrons  emitted  by  the  cathode  after  thermal  energy  is 
absorbed.  This  process  is  called  thermionic  emission,  and  a  50-mm-diameter  photocathode 
may  release  in  the  dark  as  many  as  10s  electrons/s  at  room  temperature.  Cooling  of  the 
cathode  reduces  this  source  of  noise  by  a  factor  of  about  2  per  10-15°C  reduction  in  tem¬ 
perature.  Thermionic  emission  may  also  take  place  from  the  dynodes  and  the  glass  wall  of 
the  tube,  but  this  contribution  is  small.  Electrons  may  be  released  from  the  photocathode 
as  a  result  of  its  bombardment  by  positive  ions  coming  from  ionization  of  the  residual  gas 
in  the  tube.  Finally,  light  emitted  as  a  result  of  ion  recombination  may  release  electrons 
upon  hitting  the  cathode  or  the  dynodes.  Obviously,  the  magnitude  of  the  dark  current  is 
important  in  cases  where  the  radiation  source  is  very  weak.  Both  the  dark  current  and  the 
spectral  response  should  be  considered  when  a  phototube  is  to  be  purchased. 

Recall  that  the  electrons  are  guided  from  one  dynode  to  the  next  by  an  electric  field.  If 
a  magnetic  field  is  present,  it  may  deflect  the  electrons  in  such  a  way  that  not  all  of  them  hit 
the  next  dynode,  and  the  amplification  is  reduced.  Even  the  earth’s  weak  magnetic  field  may 
sometimes  cause  this  undesirable  effect.  The  influence  of  the  magnetic  field  may  be  mini¬ 
mized  by  surrounding  the  photomultiplier  tube  with  a  cylindrical  sheet  of  metal,  called 
[i-metal.  The  |i-metal  is  commercially  available  in  various  shapes  and  sizes. 

Commercial  photomultiplier  tubes  are  made  with  the  variety  of  geometrical  arrange¬ 
ments  of  photocathode  and  dynodes.  In  general,  the  photocathode  is  deposited  as  a  semi¬ 
transparent  layer  on  the  inner  surface  of  the  end  window  of  the  phototube  (Figure  6.14). 
The  external  surface  of  the  window  is,  in  most  phototubes,  flat  for  easier  optical  coupling 
with  the  scintillator  (see  Section  6.7).  Two  different  geometries  for  the  dynodes  are  shown 
in  Figure  6.14. 
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FIGURE  6.14  Two  dynode  arrangements  in  commercial  phototubes:  (a)  Model  6342  RCA,  1-10 
are  dynodes,  11  is  anode;  (b)  model  6292  DuMont. 


6.6.2  Electron  Multiplication  in  a  Photomultiplier 

The  electron  multiplication  M  in  a  photomultiplier  can  be  written  as 

M=  (01£1)(02£2)  (0„£„)  (6.3) 

where 

n  =  Number  of  dynodes 

Number  of  electrons  collected  by  the  zth  dynode 

£;  = - 

Number  of  electrons  emitted  by  the  ( i  -  l)th  dynode 

Number  of  electrons  emitted  by  the  zth  dynode 

0j  = - 

Number  of  electrons  impinging  upon  the  zth  dynode 

If  0,.  and  e,  have  the  same  value  for  all  dynodes,  then 

M  =  (0e)n  (6.4) 

The  quantity  8  depends  on  the  geometry.  The  quantity  0  depends  on  the  voltage 
between  two  successive  dynodes  and  on  the  material  of  which  the  dynode  is  made.  The 
dependence  of  0  on  voltage  is  of  the  form 


0  =  1<V“ 


(6.5) 


www.Ebook777.com 


210  Measurement  and  Detection  of  Radiation 


Light  may  be 
lost  through 
sides  or  front 
face 


FIGURE  6.15 


where  V=Vi-  V-L_x  =  potential  difference  between  two  successive  dynodes,  assumed  the 
same  for  all  dynode  pairs,  and  k,  a  =  constants  (the  value  of  a  is  about  0.7). 

Using  Equation  6.5,  the  multiplication  M  becomes 


M  =  zn{kVa)n  =  CVa" 


(6.6) 


where  C  =  (zk)"  =  constant,  independent  of  the  voltage. 

Equation  6.6  indicates  that  the  value  of  M  increases  with  the  voltage  V and  the  number 
of  dynodes  n.  The  number  of  dynodes  is  limited,  because  as  n  increases,  the  charge  density 
between  two  dynodes  distorts  the  electric  field  and  hinders  the  emission  of  electrons  from 
the  previous  dynode  with  the  lower  voltage.  In  commercial  photomultipliers,  the  number  of 
dynodes  is  10  or  more.  If  one  takes  n  =  10  and  £0  =  4,  typical  value,  the  value  of  M,  becomes 
equal  to  106. 

To  apply  the  electric  field  to  the  dynodes,  a  power  supply  provides  a  voltage  adequate 
for  all  the  dynodes.  A  voltage  divider,  usually  an  integral  part  of  the  preamplifier,  distributes 
the  voltage  to  the  individual  dynodes.  When  reference  is  made  to  phototube  voltage,  one 
means  the  total  voltage  applied.  For  example,  if  1100  V  is  applied  to  a  phototube  with  10 
dynodes,  the  voltage  between  any  two  dynodes  is  100  V. 
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6.7  ASSEMBLY  OF  A  SCINTILLATION  DETECTOR 
AND  THE  ROLE  OF  LIGHT  PIPES 

A  scintillation  detector  consists  of  the  scintillator  and  the  photomultiplier  tube.  It  is 
extremely  important  that  these  two  components  be  coupled  in  such  a  way  that  a  maximum 
amount  of  light  enters  the  phototube  and  strikes  the  photocathode.  This  section  presents  a 
brief  discussion  of  the  problems  encountered  during  the  assembly  of  a  scintillation  detec¬ 
tor,  with  some  of  the  methods  used  to  solve  them. 

A  solid  scintillator  is  coupled  to  the  photomul¬ 
tiplier  through  the  end  window  of  the  tube  (Figure 
6.15).  During  the  transfer  from  the  scintillator 
to  the  photocathode,  light  may  be  lost  by  leaving 
through  the  sides  and  front  face  of  the  scintillator, 
or  by  being  reflected  back  to  the  scintillator  when 
it  hits  the  window  of  the  phototube. 

To  avoid  loss  of  light  through  the  sides  and 
front  face,  the  scintillator  is  painted  with  a  mate¬ 
rial  that  reflects  toward  the  crystal  the  light  that 
_  would  otherwise  escape.  Examples  of  reflecting 
materials  commercially  available  are  alpha  alu¬ 
mina  and  A1203. 

To  avoid  reflection  of  light  from  the  end  window  of  the  phototube,  a  transparent  vis¬ 
cous  fluid  (such  as  Dow-Corning  200  Silicone  fluid)  is  placed  between  the  scintillator  and 
the  phototube  (Figure  6.15).  The  optical  fluid  minimizes  reflection  because  it  reduces  the 
change  of  the  index  of  refraction  during  the  passage  of  light  from  the  scintillator  to  the 
phototube.  A  sharp  change  in  the  index  of  refraction  results  in  a  small  critical  angle  of 
reflection,  which  in  turn  increases  total  reflection. 


Photomultiplier  tube 


Assembly  of  a  scintillation  detector. 
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FIGURE  6.16  A  special  30-in.  (0.762-m)  diameter  scintillator  crystal  coupled  to  six  photomulti¬ 
plier  tubes.  (From  Flarshaw  Chemical  Company.  With  permission.) 


In  certain  experiments,  the  scintillator  has  to  be  a  certain  distance  away  from  the  pho¬ 
tocathode.  Such  is  the  case  if  the  phototube  should  be  protected  from  the  radiation  imping¬ 
ing  upon  the  scintillator  or  from  a  magnetic  field.  Then  a  lightpipe  is  interposed  between  the 
scintillator  and  the  phototube.  The  light  pipe  is  made  of  a  material  transparent  to  the  light 
of  the  scintillator.  Lucite,  quartz,  plexiglas,  and  glass  have  been  used  in  many  applications  to 
form  light  pipes  of  different  lengths  and  shapes.  Light  pipes  of  several  feet— sometimes  with 
bends— have  been  used  with  success.  The  optical  coupling  of  the  light  pipe  at  both  ends  is 
accomplished  by  the  same  methods  used  to  couple  the  scintillator  directly  to  the  phototube. 

One  of  the  major  reasons  for  using  scintillators  is  their  availability  in  large  sizes.  In  fact, 
commercially  available  scintillators  are  larger  than  the  biggest  commercial  photomultipli¬ 
ers.  In  cases  where  the  scintillator  is  too  large,  multiple  phototubes  are  coupled  to  the  same 
crystal.  Figure  6.16  shows  a  Nal(Tl)  crystal  coupled  to  six  photomultipliers. 

When  a  liquid  scintillator  is  used,  the  phototube  is  optically  coupled  to  the  scintillator 
through  a  window  of  the  vessel  containing  the  liquid  scintillator.  The  efficiency  of  such  a 
counting  system  increases  by  using  a  large  volume  of  liquid  and  more  than  one  photomul¬ 
tiplier  tube  (Figure  6.17). 


FIGURE  6.17  A  count¬ 
ing  system  using  a  liquid 
scintillator  and  four  photo¬ 
multiplier  tubes. 


6.8  DEAD  TIME  OF  SCINTILLATION  DETECTORS 

The  dead  time  or  resolving  time  is  the  minimum  time  that  can  elapse  after  the  arrival  of 
two  successive  particles  and  still  result  in  two  separate  pulses  (see  Section  2.2.1). 

For  a  scintillation  detector,  this  time  is  equal  to  the  sum  of  three  time  intervals: 

1.  Time  it  takes  to  produce  the  scintillation,  essentially  equal  to  the  decay  time  of  the 
scintillator  (see  Equation  6.1  and  Tables  6.1  and  6.3). 

2.  Time  it  takes  for  electron  multiplication  in  the  phototube,  of  the  order  of  20-40  ns. 
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3.  Time  it  takes  to  amplify  the  signal  and  record  it  by  a  scaler.  The  resolving  time  of 
commercial  scalers  is  of  the  order  of  1  |is.  The  time  taken  for  amplification  and  dis¬ 
crimination  is  negligible. 

By  adding  the  three  above  components,  the  resulting  dead  time  of  a  scintillation  detec¬ 
tor  is  of  the  order  of  1-5  |is.  This  is  much  shorter  than  the  dead  time  of  gas-filled  detectors, 
which  is  of  the  order  of  tens  to  hundreds  of  microseconds. 

Scintillators  are  detectors  with  fast  response.  As  seen  in  Tables  6.1  and  6.3,  the  risetime 
of  the  pulse  is  very  short  for  all  of  them.  Short  risetime  is  important  in  measurements  that 
depend  on  the  time  of  arrival  of  the  particle  (see  Chapter  10). 

6.9  SOURCES  OF  BACKGROUND  IN  A 
SCINTILLATION  DETECTOR 

One  of  the  major  sources  of  background  in  a  scintillation  detector  is  the  dark  current  of  the 
phototube  (see  Section  6.6.1).  Other  background  sources  are  naturally  occurring  radioiso¬ 
topes,  cosmic  rays,  and  phosphorescing  substances. 

The  holder  of  a  liquid  scintillator  may  contain  small  amounts  of  naturally  occurring 
isotopes.  In  particular,  40I<  is  always  present  (isotopic  abundance  of  40I<  is  0.01%).  Another 
isotope,  14C,  is  a  constituent  of  contemporary  organic  materials.  Solvents,  however,  may  be 
obtained  from  petroleum,  consisting  of  hydrocarbons  without  14C. 

The  term  phosphorescence  refers  to  delayed  emission  of  light  as  a  result  of  deexcita¬ 
tion  of  atoms  or  molecules.  Phosphorescent  half-lives  may  extend  to  hours.  This  source 
of  background  may  originate  in  phosphorescent  substances  contained  in  the  glass  of  the 
phototube,  the  walls  of  the  sample  holder,  or  the  sample  itself. 

Cosmic  rays,  which  are  highly  energetic  charged  particles,  produce  background  in  all 
types  of  detectors,  and  scintillators  are  no  exception.  The  effect  of  cosmic-ray  background, 
as  well  as  that  of  the  other  sources  mentioned  earlier,  will  be  reduced  if  two  detectors  are 
used  in  coincidence  or  anticoincidence  (see  Chapter  10). 

6.10  PHOSWICH  DETECTOR 

The  phoswich  detector  is  used  for  the  detection  of  low-level  radiation  in  the  presence  of 
considerable  background.  It  consists  of  two  different  scintillators  coupled  together  and 
mounted  on  a  single  photomultiplier  tube.1  By  using  the  difference  in  the  decay  constants 
of  the  two  phosphors,  differentiation  between  events  taking  place  in  the  two  detectors  is 
possible.  The  combination  of  crystals  used  depends  on  the  types  of  particles  present  in  the 
radiation  field  under  investigation.60,61 

The  basic  structure  of  a  phoswich  detector  is  shown  in  Figure  6.18.  A  thin  scintillator 
(scintillator  A)  is  coupled  to  a  larger  crystal  (scintillator  B),  which  in  turn  is  coupled  to  the 
cathode  of  a  single  phototube.  Two  examples  of  scintillators  used  are  the  following: 

1.  Nal(Tl)  is  the  thin  scintillator  (A)  and  CsI(Tl)  is  the  thick  one  (B).  Pulses  originat¬ 
ing  in  the  two  crystals  are  differentiated  based  on  the  difference  between  the  0.25- 
|us  decay  constant  of  the  Nal(Tl)  and  the  1-p.s  decay  constant  of  the  CsI(Tl).  Slow 
pulses  come  from  particles  losing  energy  in  the  CsI(Tl)  or  in  both  crystals  simulta¬ 
neously.  In  a  mixed  low-energy-high-energy  photon  field,  the  relatively  fast  pulses 
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FIGURE  6.18  A  phoswich  detector.  (From  Flarshaw  Chemical  Company.  With  permission.) 

of  the  Nal(Tl)  will  come  from  the  soft  component  of  the  radiation.  [Soft  photons 
will  not  reach  the  CsI(Tl).]  Phoswich  detectors  of  this  type  have  been  used  in  x-ray 
and  y-ray  astronomy  in  the  detection  of  plutonium  in  the  environment,  and  in  other 
cases  of  mixed-radiation  fields. 

2.  CaF2(Eu)  is  the  thin  scintillator  (A)  and  Nal(Tl)  is  the  thick  one  (B).  This  combi¬ 
nation  is  used  for  measurements  of  low-energy  beta  particles  in  the  presence  of  a 
gamma  background.  The  thin  (0.1  mm)  CaF2(Eu)  crystal  detects  the  betas,  but  is 
essentially  transparent  to  gammas  because  of  its  relatively  low  atomic  number  and 
thickness.  A  quartz  window  is  usually  placed  between  the  two  scintillators  to  stop 
the  betas  that  did  not  deposit  all  their  energy  in  the  CaF2(Eu).  The  fast  pulses  of 
the  Nal(Tl),  which  are  due  to  gammas,  are  time-discriminated  against  the  slower 
pulses  from  the  CaF2(Eu)  ( T  =  0.94  p.s).  Thus,  the  background  due  to  gammas  is 
reduced. 

Some  recent  applications  include  a  detector  composed  of  an  inner  Nal(Tl)  crystal 
and  surrounding  an  NE102A  plastic  scintillator  for  neutron  spectrometry,62  state-of-the- 
art  of  PET  (positron  emission  tomography),  SPECT  (single-photon  emission  computed 
tomography),  and  CT  (computed  tomography)  for  small  animal  imaging,63  coincidence 
measurements  in  a/(3/y  spectrometry  with  phoswich  detectors  using  digital  pulse  shape 
discrimination  analysis64  and  a  well  detector  for  radioxenon  monitoring.65 
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PROBLEMS 

6.1  If  the  dead  time  of  a  detection  system  using  a  scintillator  is  1  |ls,  what  is  the  gross 
counting  rate  that  will  result  in  a  loss  of  2%  of  the  counts? 

6.2  A  typical  dead  time  for  a  scintillation  detector  is  5  ps.  For  a  gas-filled  detector,  the 
corresponding  number  is  200  ps.  If  a  sample  counted  with  a  gas-filled  detector 
results  in  8%  loss  of  gross  counts  due  to  dead  time,  what  is  the  corresponding  loss 
in  a  scintillation  detector  that  records  the  same  gross  counting  rate? 

6.3  A  parallel  beam  of  1.5-MeV  gammas  strikes  a  25-mm-thick  Nal  crystal.  What 
fraction  of  these  gammas  will  have  at  least  one  interaction  in  the  crystal? 

6.4  A  beam  of  1.75-MeV  gammas  hits  a  25-mm-thick  Nal  crystal,  (a)  What  fraction  of 
these  photons  will  have  at  least  one  interaction  in  the  crystal?  (b)  What  is  the  aver¬ 
age  distance  traveled  before  the  first  interaction  in  the  crystal?  (c)  What  fraction  of 
the  interactions  is  photoelectric?  (x  =  1.34  x  10-3  cm2/g) 

6.5  What  is  the  range  of  2-MeV  electrons  in  a  plastic  scintillator?  Assume  that  the 
composition  of  the  scintillator  is  C10HU  (p  =  1.02  x  103  kg/m3). 

6.6  Consider  two  electrons,  one  with  kinetic  energy  1  MeV,  the  other  with  10  MeV. 
Which  electron  will  lose  more  energy  going  through  a  1-mm-thick  plastic  scintil¬ 
lator?  Consider  both  ionization  and  radiation  loss.  Composition  of  the  scintillator 
is  given  in  Problem  6.4.  For  radiation  loss,  use 

z  NhZ2h  +  NcZ2c 

eff  NhZh  +  NCZC 


6.7  A  phoswich  detector  consists  of  a  1-mm-thick  Nal(Tl)  scintillator  coupled  to  a 
25-mm-thick  CsI(Tl)  scintillator.  A  0.1-mm-thick  beryllium  window  protects  the 
Nal(Tl)  crystal.  If  the  detector  is  exposed  to  a  thin  parallel  beam  of  150-keV  x-rays 
and  1.5-MeV  y-rays,  what  are  the  fractions  of  interactions  of  each  type  of  photon 
in  each  scintillator? 

6.8  A  parallel  beam  of  0.500-MeV  gammas  strikes  the  phoswich  detector  of  Problem 
6.7.  What  fraction  of  these  photons  will  have  at  least  one  interaction  either  in  the 
Nal(Tl)  or  the  CsI(Tl)  scintillator?  p(CsI)  =  0.0975  cm2/g. 
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7.1  INTRODUCTION 

Semiconductor  detectors  are  solid-state  devices  that  operate  essentially  like  ionization 
chambers.  The  charge  carriers  in  semiconductors  are  not  electrons  and  ions,  as  in  the  gas- 
filled  detectors,  but  electrons  and  "holes.”1'2  At  present,  the  most  successful  semiconductor 
detectors  are  made  of  silicon  and  germanium.  However,  starting  in  the  1990s,  different 
materials  have  been  tried,  with  some  very  good  successes,  for  example,  cadmium  telluride 
(CdTe),  cadmium  zinc  telluride  (CdZnTe),  often  named  CZT,  cesium  iodide  (Csl),  mercuric 
iodide  (Hgl2),  and  others, 

The  most  important  advantage  of  semiconductor  detectors,  compared  to  other  types 
of  radiation  counters,  is  their  superior  energy  resolution-,  the  ability  to  resolve  the  energy  of 
particles  out  of  a  polyenergetic  energy  spectrum  (energy  resolution  and  its  importance  are 
discussed  in  Chapters  9  and  12  through  14).  Other  advantages  are  as  follows: 

1.  Linear  response  (pulse  height  versus  particle  energy)  over  a  wide  energy  range 

2.  Higher  efficiency  for  a  given  size,  because  of  the  high  density  of  a  solid  relative  to 
that  of  a  gas 

3.  Possibility  for  special  geometric  configurations 

4.  Fast  pulse  rise  time  (relative  to  gas-filled  detectors) 

5.  Ability  to  operate  in  vacuum 

6.  Insensitivity  to  magnetic  fields 

The  characteristics  of  a  semiconductor  detector  depend  not  only  on  the  type  of  mate¬ 
rial  used — for  example,  Si  or  Ge— but  also  on  the  way  the  semiconductor  was  made,  shaped, 
and  treated.  The  type,  size,  shape,  and  treatment  of  the  crystal  play  a  role  in  the  operation 
and  performance  of  a  semiconductor  detector. 

217 
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This  chapter  first  discusses  the  fundamentals  of  energy  states  in  crystals,  a  subject 
necessary  for  understanding  the  creation  and  movement  of  electrons  and  holes  in  a 
solid.  The  properties  of  semiconductors  are  discussed  next,  with  special  emphasis  given 
to  the  properties  of  silicon  and  germanium.  The  principle  of  construction  and  opera¬ 
tion  is  accompanied  by  a  description  of  the  different  types  of  detectors  available  in  the 
market. 


7.2  ELECTRICAL  CLASSIFICATION  OF  SOLIDS 

Solids  are  divided  according  to  their  electrical  conductivity  into  three  groups:  conductors, 
insulators,  and  semiconductors.  If  a  piece  of  solid  material  is  placed  in  an  electric  field, 
whether  or  not  current  will  flow  depends  on  the  electrical  properties  of  the  material.  If 
current  flows,  the  material  is  a  conductor.  If  current  is  zero  at  low  temperatures  but  larger 
than  zero  at  higher  temperatures,  the  material  is  a  semiconductor.  If  current  is  zero  at  all 
temperatures,  the  material  is  an  insulator. 

Conductivity  and  electric  current  mean  motion  of  electrons,  and  according  to  the 
results  of  this  simple  experiment,  we  conclude  that 

1.  In  conductors,  electrons  can  move  freely  at  any  voltage  other  than  zero. 

2.  In  insulators,  electrons  cannot  move  under  any  voltage  (except,  of  course,  when  the 
voltage  is  so  high  that  an  electrical  discharge  occurs). 

3.  In  semiconductors,  electrons  cannot  move  at  low  temperatures  (close  to  absolute 
zero)  under  any  voltage.  As  the  temperature  of  a  semiconductor  increases,  however, 
electrons  can  move  and  electric  current  will  flow  at  moderate  voltages. 

These  properties  can  be  explained  by  examining  the  electronic  structure  of  crystals. 

7.2.1  Electronic  States  in  Solids:  Fermi  Distribution  Function 

In  a  free  atom,  the  electrons  are  allowed  to  exist  only  in  certain  discrete  energy  states 
(Figure  7.1a).  In  solids,  the  energy  states  widen  into  energy  bands.  Electrons  can  exist  only 


FIGURE  7.1  (a)  The  atomic  energy  levels  are  discrete  lines,  (b)  In  a  solid,  the  allowed  energy  states 

become  energy  bands. 
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in  bands  1,  3,  and  5,  but  not  in  bands  2  and  4  (Figure  7.1b).  An  electron  can  move  from  band 
3  to  band  5  if 

1.  The  electron  acquires  the  energy  Eg  necessary  to  cross  the  forbidden  gap 

2.  There  is  an  empty  state  in  band  5,  which  the  jumping  electron  can  occupy’ 

The  energy  distribution  of  electronic  states  is  described  in  terms  of  the  following 
quantities: 

N(E)dE  =  number  of  electrons  per  unit  volume  with  energy  between  E  and  E  +  dE 
S{E)dE  =  number  of  allowed  electronic  energy  states,  per  unit  volume,  in  the  energy 
interval  between  E  and  E  +  dE 

P(E)  =  probability  that  a  state  of  energy  E  is  occupied  =  Fermi  distribution  function 
Then 


N{E)dE  =  P(E)[S{E)dE\ 

The  form  of  P(E)  is  given  by 

~  1  +  e(E~Ef)lkT 


(7.1) 


(7.2) 


where 

Ej  =  Fermi  energy 
k  =  Boltzmann  constant 
T  =  temperature,  Kelvin 

The  Fermi  energy  Ef  is  a  constant  that  does  not  depend  on 
the  temperature  but  it  does  depend  on  the  purity  of  the  solid. 

The  function  P{E)  is  a  universal  function  applying  to  all  solids 
and  having  the  following  properties  (Figure  7.2): 

1.  Atr=o, 

P(E)  =  1,  E  <  Ef 
P(E)  =0,  E  >  Ef 

2.  At  any  T, 

l 

3.  For  T  >  0,  the  function  P(E)  extends  beyond  Ef  If  E  -  »  kT,  P(E)  takes  the  form 

=  1  ~  e(E-Ef)lkT  ~  e(E-Ef)lkT  =  eXP^  j  (/3) 

which  resembles  the  classical  Boltzmann  distribution. 

Note  that  at  T=  0  (Figure  7.2),  all  the  states  are  occupied  for  E  <  lybut  all  the  states  are 
empty  for  E>  Ef 

This  constraint  is  due  to  the  Pauli  principle,  which  forbids  two  or  more  electrons  to  be  in  the  same  state. 


FIGURE  7.2  The  Fermi  distribution  function. 
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FIGURE  7.3  In  insulators,  all  the  energy  states  in  the  conduction  band  are  empty  and  the  states 
in  the  valence  band  are  all  occupied. 


7.2.2  Insulators 

In  insulators,  the  highest  allowed  band,  called  the  valence  band,  is  completely  occupied 
(Figure  7.3).  The  next  allowed  band,  called  the  conduction  band,  is  completely  empty.  As 
Figure  7.3  shows,  the  gap  is  so  wide  that  the  number  of  occupied  states  in  the  conduction 
band  is  always  zero.  No  electric  field  or  temperature  rise  can  provide  enough  energy  for 
electrons  to  cross  the  gap  and  reach  the  conduction  band.  Thus,  insulators  are  insulators 
because  it  is  impossible  for  electrons  to  be  found  in  the  conduction  band,  where  under  the 
influence  of  an  electric  field,  they  would  move  and  generate  an  electric  current. 

7.2.3  Conductors 

In  conductors,  the  conduction  band  is  partially  occupied  (Figure  7.4).  An  electron  close  to 
the  top  of  the  filled  part  of  this  band  (point  A,  Figure  7.4)  will  be  able  to  move  to  the  empty 
part  (part  B,  Figure  7.4)  under  the  influence  of  any  electric  field  other  than  zero.  Thus, 
because  of  the  lack  of  a  forbidden  gap,  there  is  no  threshold  of  electric  field  intensity  below 


E  EE 


FIGURE  7.4  In  conductors,  the  conduction  band  is  partially  occupied.  If  an  electric  field  is  applied, 
the  electrons  move  and  conductivity  is  not  zero. 
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E  E  E 


FIGURE  7.5  In  semiconductors,  the  energy  gap,  Eg  as  shown,  is  relatively  narrow.  As  the  tempera¬ 
ture  increases,  some  electrons  have  enough  energy  to  be  able  to  move  to  the  conduction  band 
and  conductivity  appears. 


which  electrons  cannot  move.  Motion  of  the  charge  carriers  and,  consequently,  conductiv¬ 
ity  is  always  possible  for  any  voltage  applied,  no  matter  how  small. 

7.3  SEMICONDUCTORS 

In  semiconductors,  the  valence  band  is  full  and  the  conduction  band  is  empty,  but  the 
energy  gap,  Eg,  between  these  two  bands  is  very  small  (Figure  7.5).  At  very  low  tempera¬ 
tures,  close  to  T=  0,  the  conductivity  of  the  semiconductors  is  zero  and  the  energy-band 
picture  looks  like  that  of  an  insulator  (Figure  7.3).  As  the  temperature  increases,  however, 
the  “tail”  of  the  Fermi  distribution  brings  some  electrons  into  the  conduction  band  and 
conductivity  increases  (Figure  7.5).  That  is,  as  the  temperature  increases,  some  electrons 
obtain  enough  energy  to  cross  the  energy  gap  E  and  move  over  to  the  conduction  band. 
Once  there,  they  will  move  under  the  influence  of  an  electric  field  for  the  same  reason  that 
electrons  of  conductors  move. 

When  an  electron  moves  to  the  conduction  band,  an  empty  state  is  left  in  the 
valence  band.  This  is  called  a  hole.  A  hole  is  the  absence  of  an  electron.  When  the 
electron  moves  in  one  direction,  the  hole  moves  in  the  opposite  direction  (Figure 
7.6).  Holes  are  treated  as  particles  with  positive  charges:  —  (-e)  =  +e.  They  contrib¬ 
ute  to  the  conductivity  in  the  same  way  electrons  do  (see  Section  7.3.2).  In  a  pure 
and  electrically  neutral  semiconductor,  the  number  of  electrons  is  always  equal 
to  the  number  of  holes. 

Heat— that  is,  temperature  increase— is  not  the  only  way  energy  may  be  given 
to  an  electron.  Absorption  of  radiation  or  collision  with  an  energetic  charged  par¬ 
ticle  may  produce  the  same  effect.  The  interaction  of  ionizing  radiation  with  a 
semiconductor  is  a  complex  process  and  there  is  no  agreement  upon  a  common 
model  explaining  it.  One  simplified  model  is  the  following. 

An  energetic  incident  charged  particle  collides  with  electrons  of  the  semiconductor 
and  lifts  them,  not  only  from  the  valence  to  the  conduction  band  but  also  from  deeper 
lying  occupied  bands  to  the  conduction  band,  as  shown  in  Figure  7.7a.  Electrons  appear  in 
normally  empty  bands  and  holes  appear  in  normally  fully  occupied  bands.  However,  this 
configuration  does  not  last  long.  In  times  of  the  order  of  10-12  s,  the  interaction  between 
electrons  and  holes  results  in  the  electrons  concentrating  at  the  bottom  of  the  lowest-lying 
unoccupied  (conduction)  band.  The  holes,  on  the  other  hand,  concentrate  near  the  top  of 
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FIGURE  7.6  Electrons  and  holes 
move  in  opposite  directions.  A  hole 
behaves  like  a  positively  charged 
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(b) 
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FIGURE  7.7  (a)  Collisions  with  an  energetic  charged  particle  raise  electrons  to  the  conduction 

bands,  (b)  after  times  of  the  order  of  10~12  s,  electrons  and  holes  tend  to  deexcite  to  the  upper  part 
of  the  valence  band  and  lower  part  of  the  conduction  band,  respectively. 


the  highest  full  (valence)  band.  During  this  deexcitation  process,  many  more  electrons  and 
holes  are  generated.  Because  of  this  multistep  process,  the  average  energy  necessary  for  the 
creation  of  one  electron-hole  pair  is  much  larger  than  the  energy  gap  Eg  For  example,  for 
silicon  at  room  temperature,  Eg  =  1.106  eV,  and  the  average  energy  for  the  production  of  one 
electron-hole  pair  is  3.66  eV. 

In  the  absence  of  an  electric  field,  the  final  step  of  the  deexcitation  process  is  the  recom¬ 
bination  of  electrons  and  holes  and  the  return  of  the  crystal  to  its  neutral  state. 

7.3.1  Change  of  the  Energy  Gap  with  Temperature 

The  value  of  the  energy  gap  Eg  (Figure  7.5)  is  not  constant,  but  it  changes  with  temperature 
as  shown  in  Figure  7.8.  For  silicon  and  germanium,  Eg  initially  increases  linearly  as  the  tem¬ 
perature  decreases,  but  at  very  low  temperatures,  Eg  reaches  a  constant  value. 

The  average  energy  needed  to  create  an  electron-hole  pair  follows  a  similar  change 
with  temperature  (Figure  7.9). 

7.3.2  Conductivity  of  Semiconductors 

Conductivity  O  is  the  inverse  of  resistivity  and  is  defined  by 

j  =  oE  (7.4) 
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FIGURE  7.8  The  variation  of  £  with  temperature:  (a)  for  silicon,  (b)  for  germanium.  (From 
Bertolini,  G.  and  Coche,  A.,  Semiconductor  Detectors,  North-Flolland  Publishing  Co.,  Amsterdam, 
Chapter  1.1.1, 1968.  With  permission.) 


where 

j  =  current  density  (A/m2) 
a  =  conductivity  [A/(V  m)]  (conductivity  is  thi 
E  =  electric  field  (V/m) 

Another  expression  for  the  current  density  is 
j  =  eNv 

where 

N  =  number  of  charge  carriers/m3 
o  =  speed  of  carriers 


Temperature,  I< 


Combining  Equations  7.4  and  7.5,  one  obtains  the  following  equation: 


0 


(7.6) 


The  ratio  x>/E  is  given  a  new  name,  mobility  of  the  carrier : 

v 


(7.7) 


All  the  types  of  charge  carriers  present  in  a  medium  contribute  to 
the  conductivity.  In  the  case  of  semiconductors,  both  electrons  and  holes 
should  be  taken  into  account  when  conductivity  is  calculated,  and  the 
expression  for  the  conductivity  becomes  (using  Equations  7.6  and  7.7) 


0  =  e(Nn[in  +  Np\ip) 


(7.8) 


FIGURE  7.9  Energy  needed  to  produce 
an  electron-hole  pair  in  (a)  silicon  and  (b) 
germanium,  as  a  function  of  temperature. 
(From  Pehl,  R.  H.  et  al.,  Nucl.  Instrum.  Meth., 
59:45,  1968). 
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where  Nn  and  Np  are  charge  carrier  concentrations  and  \in  and  \ip  are  mobilities  of  electrons 
(negative)  and  holes  (positive),  respectively.  According  to  Equation  7.8,  the  conductivity 
changes  if  the  mobility  of  the  carriers  or  their  concentration  or  both  change. 

The  mobilities  of  electrons  and  holes  are  independent  of  the  electric  field  over  a  wide 
range  of  carrier  velocities,  but  they  change  with  temperature.  If  the  temperature  decreases, 
the  mobility  of  both  carriers  increases.  The  mobility  of  electrons  and  holes  in  pure  germa¬ 
nium  as  a  function  of  temperature  is  shown  in  Figure  7.10.4  The  mobility  changes  at  |U  ~  T~a 
with  a  ~  1.5,  for  T  <  80  I<.  For  T  >  80  I<,  the  value  of  a  is  somewhat  larger.  It  is  worth  noting 
that  for  T  <  80  I<,  |I„  =  \ip. 

In  a  pure  semiconductor,  Nn  =  Np  and  each  one  of  these  quantities  is  given  by 

N„  =  Np  =  AT^exp^-^J  (7.9) 


where  A  is  a  constant  independent  of  T. 

The  motion  of  the  carriers  in  a  semiconductor  is  also  affected  by  the  presence  of  impu¬ 
rities  and  defects  of  the  crystal.  A  small  amount  of  impurities  is  always  present  in  any 
material.  But,  in  semiconductors,  impurities  are  usually  introduced  deliberately  to  make 
the  properties  of  the  crystal  more  appropriate  for  radiation  detection  (see  Section  7.3.3). 
Crystal  defects  are  present  too.  Even  if  one  starts  with  a  perfect  crystal,  defects  are  pro¬ 
duced  by  the  incident  particles  (this  is  called  radiation  damage).  In  the  language  of  energy 
bands,  impurities  and  defects  create  new  energy  states  that  may  trap  the  carriers.  Trapping 


(a)  (b) 


FIGURE  7.10  (a)  Electron  mobility  versus  temperature  for  n-type  germanium,  (b)  Hole  mobility 

versus  temperature  for  p- type  germanium.  (From  Delaet,  L.  H.,  Schoenmaekers,  W.  K.,  and  Guislain, 
H.  J„  Nucl.  Instrum.  Meth.  101:11;1972.) 
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is,  of  course,  undesirable  because  it  means  loss  of  part  of  the  charge  generated  by  the  inci¬ 
dent  particle. 

For  semiconductors,  the  probability  that  an  electron  will  move  from  the  valence  to  the 
conduction  level  is  proportional  to  the  factor  (Equation  7.3) 


(7.10) 


{Ej  is  located  in  the  middle  of  the  gap;  thus,  E  -  Ef=Eg/  2.)  Because  of  the  exponential  form 
of  Equation  7.10,  there  are  always  some  electrons  in  the  conduction  band.  These  electrons 
produce  a  leakage  current.  Obviously,  a  successful  detector  should  have  as  low  a  leakage 
current  as  possible  to  be  able  to  detect  the  ionization  produced  by  the  incident  radiation. 
The  leakage  current  decreases  as  the  temperature  decreases,  and  for  two  different  materi¬ 
als,  it  will  be  smaller  for  the  material  with  the  larger  energy  gap. 

7.3.3  Extrinsic  and  Intrinsic  Semiconductors:  Role  of  Impurities 

The  properties  of  a  pure  semiconductor  change  if  impurities  are  introduced.  With  impuri¬ 
ties  present,  new  states  are  created  and  the  semiconductor  obtains  extra  electrons  or  extra 
holes,  which  increase  the  conductivity  of  the  material. 

All  materials  contain  some  impurities  and  for  this  reason  they  are  called  impure  or 
extrinsic  in  contrast  to  a  pure  semiconductor,  which  is  called  intrinsic.  In  most  cases,  con¬ 
trolled  amounts  of  impurities  are  introduced  purposely  by  a  process  called  doping,  which 
increases  the  conductivity  of  the  material  by  orders  of  magnitude. 

Doping  works  in  the  following  way.  Consider  silicon  (Si),  which  has  four  valence  elec¬ 
trons.  In  a  pure  Si  crystal,  every  valence  electron  makes  a  covalent  bond  with  a  neighboring 
atom  (Figure  7.11a).  Assume  now  that  one  of  the  atoms  is  replaced  by  an  atom  of  arsenic 
(As),  which  has  five  valence  electrons  (Figure  7.11b).  Four  of  the  valence  electrons  form 
covalent  bonds  with  four  neighboring  Si  atoms,  but  the  fifth  electron  does  not  belong  to  any 
chemical  bond.  It  is  bound  very  weakly  and  only  a  small  amount  of  energy  is  necessary  to 
free  it,  that  is,  to  move  it  to  the  conduction  band.  In  terms  of  the  energy-band  model,  this 
fifth  electron  belongs  to  an  energy  state  located  very  close  to  the  conduction  band.  Such 
states  are  called  donor  states  (Figure  7.12),  and  impurity  atoms  that  create  them  are  called 
donor  atoms.  The  semiconductor  with  donor  atoms  has  a  large  number  of  electrons  and  a 


FIGURE  7.11  (a)  Pure  (intrinsic)  silicon,  (b)  silicon  doped  with  arsenic.  The  fifth  electron  of  the 

arsenic  atom  is  not  tightly  bound,  and  little  energy  is  needed  to  move  it  to  the  conduction  band. 
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(a)  (b) 


FIGURE  7.12  (a)  Intrinsic  and  (b)  n-type  semiconductor.  New  electron  states  (donor  states)  are 

created  close  to  the  conduction  band. 


FIGURE  7.13  Silicon 
doped  with  gallium.  One 
of  the  covalent  bonds  is 
not  matched. 


small  number  of  holes.  Its  conductivity  will  be  due  mainly  to  electrons,  and  it  is  called  an 
n-type  semiconductor  (n  is  for  negative). 

If  a  gallium  atom  is  the  impurity,  three  valence  electrons  are  available;  thus  only  three 
Si  bonds  will  be  matched  (Figure  7.13).  Electrons  from  other  Si  atoms  can  attach  themselves 
to  the  gallium  atom,  leaving  behind  a  hole.  The  gallium  atom  will  behave  like  a  negative 
ion  after  it  accepts  the  extra  electron.  In  terms  of  the  energy-band  theory,  the  presence 
of  the  gallium  atom  creates  new  states  very  close  to  the  valence  band  (Figure  7.14).  These 
are  called  acceptor  states.  The  impurity  is  called  an  acceptor  atom.  For  every  electron  that 
moves  to  the  acceptor  states,  a  hole  is  left  behind.  The  acceptor  impurity  atoms  create  holes. 
The  charge  carriers  are  essentially  positive,  and  the  semiconductor  is  called p-type. 

Interstitial  atoms  can  act  as  donors  or  acceptors.  Lithium,  as  an  interstitial  in  either 
silicon  or  germanium,  creates  donor  states  very  close  to  the  conduction  band.  Copper  and 
nickel  introduce  donor  states  midway  between  the  valence  and  conduction  bands.  Gold 
may  act  as  either  an  acceptor  or  donor,  depending  on  its  position  on  the  lattice. 

For  every  atom  of  n-  or  p-type  impurity,  an  electron  or  hole  is  located  at  the  donor  or 
acceptor  state,  respectively.  The  material  is  still  neutral,  but  when  conductivity  appears: 


Electrons  are  the  major  carriers  for  n-type  semiconductors. 
Holes  are  the  major  carriers  for  p-type  semiconductors. 


Since  the  addition  of  impurities  creates  new  states  that  facilitate  the  movement  of  the 
carriers,  it  should  be  expected  that  the  conductivity  of  a  semiconductor  increases  with 


(a)  (b) 


FIGURE  7.14  (a)  Intrinsic  and  (b)  p-type  semiconductor.  New  hole  states  (acceptor  states)  are  cre¬ 

ated  close  to  the  top  of  the  valence  band. 
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impurity  concentration.  Figures  7.15  and  7.16  show  how  the  resistivity 
of  germanium  and  silicon  changes  with  impurity  concentration. 

The  energy  gap  E  depends  on  the  temperature,  as  shown  in  Figure 
7.8,  and  on  the  number  of  impurities  and  defects  of  the  crystal.  With 
increasing  temperatures,  if  Eg  is  small,  as  in  germanium,  the  electrical 
conduction  is  dominated  by  electron-hole  pairs  created  by  thermal 
excitation  and  not  by  the  presence  of  the  impurity  atoms.  Therefore, 
at  high  enough  temperatures,  any  semiconductor  can  be  considered 
as  intrinsic. 

Table  7.1  presents  the  most  important  physical  and  electri¬ 
cal  properties  of  silicon  and  germanium,  the  two  most  widely  used 
semiconductors. 

7.4  THE  p-n  JUNCTION 


7.4.1  Formation  of  a  p-n  Junction 

As  stated  in  the  introduction  to  this  chapter,  semiconductor  detec¬ 
tors  operate  like  ionization  detectors.  In  ionization  chambers  (see 
Chapter  5),  the  charges  produced  by  the  incident  radiation  are 
collected  with  the  help  of  an  electric  field  from  an  external  volt¬ 
age.  In  semiconductor  detectors,  the  electric  field  is  established 
by  a  process  more  complicated  than  in  gas-filled  detectors,  a  pro¬ 
cess  that  depends  on  the  properties  of  n-  and  p-type  semiconduc¬ 
tors.  The  phenomena  involved  will  be  better  understood  with  a 
brief  discussion  of  the  so-called  p-n  junction. 

An  n-type  semiconductor  has  an  excess  of  electron  carriers. 

A  p-type  has  excess  holes.  If  a  p-type  and  an  n-type  semiconduc¬ 
tor  are  joined  together,  electrons  and  holes  move  for  two  reasons: 


FIGURE  7.15  Resistivity  as  a  function  of  impu¬ 
rity  concentration  in  germanium.  (From  Bertolini, 
G.  and  Coche,  A.,  Semiconductor  Detectors, 
North-Holland  Publishing  Co.,  Amsterdam, 
Chapter  1.1.3, 1968.) 


1. 


2. 


Both  electrons  and  holes  will  move  from  areas  of  high 
concentration  to  areas  of  low  concentration.  This  is  sim¬ 
ply  diffusion,  the  same  as  neutron  diffusion  or  diffusion  of 
gas  molecules. 

Under  the  influence  of  an  electric  field,  both  electrons  and 
holes  will  move,  but  in  opposite  directions  because  their 
charge  is  negative  and  positive,  respectively. 


Impurity  concentration,  at/ cm3 


Consider  two  semiconductors,  one  p-type  and  one  n-type, 
in  contact,  without  an  external  electric  field  (Figure  7.17).  The 

n-type  semiconductor  has  a  high  electron  concentration;  the  p-type  has  a  high  hole  con¬ 
centration.  Electrons  will  diffuse  from  the  n-  to  the  p-type;  holes  will  diffuse  in  the  opposite 
direction.  This  diffusion  will  produce  an  equilibrium  of  electron  and  hole  concentrations, 
but  it  will  upset  the  original  charge  equilibrium.  Originally,  either  a  p-type  or  an  n-type 
semiconductor  is  electrically  neutral,  but  as  a  result  of  the  diffusion,  the  n-type  region  will 
be  positively  charged,  while  the  p-type  region  will  be  negatively  charged.  After  equilibrium 
is  established,  a  potential  difference  exists  between  the  two  regions.  This  combination  of 


FIGURE  7.16  Resistivity  as  a  function  of  impurity 
concentration  in  silicon.  (From  Bertolini,  G.  and 
Coche,  A.,  Semiconductor  Detectors,  North-Flolland 
Publishing  Co.,  Amsterdam,  Chapter  1.1.3, 1968.) 
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TABLE  7.1 

Properties  of  Si  and  Ge 

Property 

Si 

Ge 

Atomic  number 

14 

32 

Atomic  weight 

28.1 

72.6 

Density  (300  K) 

2.33  xIO3  kg/m3 

5.33  x  103  kg/rrv 

Energy  gap  (Eg),  300  K 

1.106  eV 

0.67  eV 

Energy  gap  (Eg),  0  K 

1.165  eV 

0.75  eV 

Average  energy  per  electron-hole  pair,  77  K 

3.7  eV 

2.96  eV 

Average  energy  per  electron-hole  pair,  300  K 

3.65  eV 

— 

Diffusion  voltage  (1/0) 

0.7  V 

0.4  V 

Atomic  concentration 

5  x  1 028  m-3 

4.5  x  1 02S  rrr3 

Intrinsic  carrier  concentration  (300  K) 

1.5  X  1  016  ITT3 

2.4  x  1019  rrr3 

Intrinsic  resistivity  (300  K) 

2.3  x  1 03  £2  ■  m 

0.47  n  ■  m 

Intrinsic  resistivity  (77  K) 

oo 

5  x  1 02  Q  ■  m 

Electron  mobility  (300  K) 

0.1350  m2/V  ■  s 

0.3900  m2/V-s 

Hole  mobility  (300  K) 

0.0480  m2/V  ■  s 

0.1900  m2/V-s 

Electron  mobility  (77  K) 

4.0-7.0  m2/V  ■  s 

3 .5-5 .5  m2/V'S 

Hole  mobility  (77  K) 

2.0-3.5  m2/V-s 

4.0-7.0  m2/V  ■  s 

Dielectric  constant 

12 

16 

Source:  Fenyves,  E.  and  Haiman,  0.,  The  Physical  Principles  of  Nuclear  Radiation  Measurements,  Academic 
Press,  New  York,  1969;  Knoll,  G,  F:  Radiation  Detection  and  Measurement.  2010.4th  ed.  Copyright 
Wiley-VCH  Verlag  GmbH  &  Co.  KGaA.  Reproduced  with  permission;  Ewan,  G.  I,  Nucl.  Instrum. 
Meth.,  162:75;1979.  With  permission. 


p-  and  n-type  semiconductor  with  a  potential  difference  between  the  two  types  constitutes 
a  p-n  junction. 

The  potential  V0  (Figure  7.17a)  depends  on  electron-hole  concentrations  and  is  of  the 
order  of  0.5  V.  If  an  external  voltage  Vb  is  applied  with  the  positive  pole  connected  to  the 
n  side,  the  total  potential  across  the  junction  becomes  V0  +  Vb.  This  is  called  reverse  bias. 


FIGURE  7.17  (a)  A  p-n  junction  without  external  voltage,  (b)  If  a  reverse  voltage  is  applied  exter¬ 

nally,  the  potential  across  the  junction  increases,  and  so  does  the  depth  x0  along  which  an  electric 
field  exists. 
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Such  external  voltage  tends  to  make  the  motion  of  both  electrons  and  holes  more  difficult. 
In  the  region  of  the  changing  potential,  there  is  an  electric  field  E  =  -dV/dx.  The  length  X0 
of  the  region  where  the  potential  and  the  electric  field  exist  increases  with  reverse  bias. 
Calculation  shows  that 


X0  ~  yJ[ijP(Vo  +  14)  for  p-type  semiconductor 


(7.11a) 


and 


X0  ~  yj[ln pfV'o  +  Vb)  for  n-type  semiconductor  (  '  ^ 

where  p  (£2-m)  is  the  resistivity  of  the  crystal.  Application  of  a  negative  potential  on  the 
n  side  will  have  the  opposite  effect.  The  total  potential  difference  will  be  V0  -  Vb.  This 
is  called  forward  bias.  For  a  successful  detector,  reverse  bias  is  applied.  Since,  usually, 
Vt  »  V0,X0  ~ 

In  practice,  a  p-n  junction  is  not  made  by  bringing  two  pieces  of  semiconductor  into 
contact.  Instead,  one  starts  with  a  semiconductor  of  one  type  (say,  n-type)  and  then  trans¬ 
forms  one  end  of  it  into  the  other  type  (p-type). 

7.4.2  The  p-n  Junction  Operating  as  a  Detector 

The  operation  of  a  semiconductor  detector  is  based,  essentially,  on  the  properties  of  the 
p-n  junction  with  reverse  bias  (Figure  7.18).  Radiation  incident  upon  the  junction  produces 
electron-hole  pairs  as  it  passes  through  it.  For  example,  if  a  5-MeV  alpha  particle  impinges 
upon  the  detector  and  deposits  all  its  energy  there,  it  will  create  about 

5  x  106  eV 

- 1.7  x  106  electron-hole  pairs 

3  eV/pair 

Electrons  and  holes  are  swept  away  under  the  influence  of  the  electric  field  and,  with 
proper  electronics,  the  charge  collected  produces  a  pulse  that  can  be  recorded. 

The  performance  of  a  semiconductor  detector  depends  on  the  region  of  the  p-n  junc¬ 
tion  where  the  electric  field  exists  (region  of  width  X0,  Figure  7.18).  Electrons  and  holes 
produced  in  that  region  find  themselves  in  an  environment  similar 
to  what  electrons  and  ions  see  in  a  plate  ionization  chamber  (see 
Section  5.4).  There  are  some  differences,  however,  between  these 
two  types  of  detectors. 

In  a  gas-filled  detector,  the  electron  mobility  is  thousands  of 
times  bigger  than  that  of  the  ions.  In  semiconductors,  the  electron 
mobility  is  only  about  two  to  three  times  bigger  than  that  of  the 
holes.  The  time  it  takes  to  collect  all  the  charge  produced  in  a  gas- 
filled  detector  is  of  the  order  of  milliseconds.  In  semiconductors, 
the  sensitive  region  of  the  counter  is  only  a  few  millimeters,  and 
the  speed  of  electrons  and  holes  is  such  that  the  charge  carriers  can 
traverse  the  sensitive  region  and  be  collected  in  times  of  the  order 
of  10-7  s. 


P  n 


FIGURE  7.18  A  p-n  junction  with  reverse  bias 
operating  as  a  detector. 
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It  is  always  the  objective  in  either  an  ionization  or  a  semiconductor  detector  to  collect 
all  the  charges  produced  by  the  incident  particle.  This  is  achieved  by  establishing  an  electric 
field  in  the  detector  such  that  there  is  zero  recombination  of  electrons  and  ions  (or  holes) 
before  they  are  collected.  In  a  semiconductor  detector,  even  if  recombination  is  zero,  some 
charge  carriers  may  be  lost  in  “trapping”  centers  of  the  crystal,  such  as  lattice  imperfec¬ 
tions,  vacancies,  and  dislocations.  The  incident  radiation  creates  crystal  defects  that  cause 
deterioration  of  the  detector  performance  and,  thus,  reduce  its  lifetime  (see  Section  7.6). 

The  capacitance  of  p-n  junction  is  important  because  it  affects  the  energy  resolution  of 
the  detector.  For  a  detector  such  as  that  shown  in  Figure  7.18,  the  capacitance  C  is  given  by 


C  = 


(7.12) 


where 

8  =  dielectric  constant  of  the  material 

A  =  surface  area  of  the  detector 

X0  =  depletion  depth  (detector  thickness) 

Combining  Equations  7.11  and  7.12, 


Vn 

To  summarize,  a  material  that  will  be  used  for  the  construction  of  a  detector  should 
have  certain  properties,  the  most  important  of  which  are 

1.  High  resistivity.  This  is  essential,  since  otherwise  current  will  flow  under  the  influ¬ 
ence  of  the  electric  field,  and  the  charge  produced  by  the  particles  will  result  in  a 
pulse  that  may  be  masked  by  the  steadily  flowing  current. 

2.  High  carrier  mobility.  Electrons  and  holes  should  be  able  to  move  quickly  and  be 
collected  before  they  have  a  chance  to  recombine  or  be  trapped.  High  mobility  is  in 
conflict  with  property  (1)  because  in  high-resistivity  materials,  carrier  mobility  is 
low.  Semiconductor  materials  doped  with  impurities  have  proven  to  have  the  proper 
resistivity-carrier  mobility  combination. 

3.  Capability  of  supporting  strong  electric  fields.  This  property  is  related  to  property  (1). 
Its  importance  stems  from  the  fact  that  the  stronger  the  field,  the  better  and  faster 
the  charge  collection  becomes.  Also,  as  the  electric  field  increases,  so  does  the  depth 
of  the  sensitive  region  (Equation  7.11a)  for  certain  detectors. 

4.  Perfect  crystal  lattice.  Apart  from  externally  injected  impurities,  the  semiconduc¬ 
tor  detector  material  should  consist  of  a  perfect  crystal  lattice  without  any  defects, 
missing  atoms,  or  interstitial  atoms.  Any  such  defect  may  act  as  a  “trap”  for  the  mov¬ 
ing  charges. 

7.5  DIFFERENT  TYPES  OF  SEMICONDUCTOR  DETECTORS 

The  several  types  of  semiconductor  detectors  that  exist  today  differ  from  one  another 
because  of  the  material  used  for  their  construction  or  the  method  by  which  that  material 
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is  treated.  The  rest  of  this  section  describes  briefly  the  method  of  construction  and  the 
characteristics  of  the  most  successful  detectors — made  of  silicon  or  germanium.  Section 
7.5.6  discusses  room-temperature  detectors  such  as  CZT,  CdTe,  Hgl2,  and  Csl.  These  newer 
detectors  aspire  to  rival  the  commonly  used  hyperpure  Ge  detectors. 

7.5.1  Surface-Barrier  Detectors 

Silicon  of  high  purity,  usually  n-type,  is  cut,  ground,  polished,  and  etched  until  a  thin  wafer 
with  a  high-grade  surface  is  obtained.  The  silicon  is  then  left  exposed  to  air  or  to  another 
oxidizing  agent  for  several  days.  Because  of  surface  oxidization,  surface  energy  states  are 
produced  that  induce  a  high  density  of  holes  and  form,  essentially,  a  p-type  layer  on  the  sur¬ 
face.  A  very  thin  layer  of  gold  evaporated  on  the  surface  (Figure  7.19)  serves  as  the  electrical 
contact  that  will  lead  the  signal  to  the  preamplifier.  In  Figure  7.19,  X0  is  the  depth  of  the  sen¬ 
sitive  region,  t  is  the  total  silicon  thickness,  and  D  is  the  diameter  of  the  detector.  The  size 
of  the  detector  is  the  length  (or  depth)  X0.  The  primary  use  of  surface  barrier  detectors  is 

^  Ceramic  mounting 


(b) 


FIGURE  7.19  A  typical  surface  barrier  detector:  (a)  a  schematic  representation,  (b)  photograph  of 
a  commercial  detector.  (Reproduced  from  Instruments  for  Research  and  Applied  Science  by  permis¬ 
sion  of  EG  &  GORTEC,  Oak  Ridge,  Tennessee.) 
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for  the  detection  and  measurement  of  charged  particles.  These  measurements  may  include 
alpha,  beta,  and  heavier  ions  in  fundamental  atomic5  and  nuclear  physics,6  depth  profiling,7 
and  environmental  radioactivity8  (particularly  for  alpha  particles). 

7.5.2  Diffused-Junction  Detectors 

Silicon  of  high  purity,  normally  p-type,  is  the  basic  material  for  this  detector  type.  As  with 
surface-barrier  detectors,  the  silicon  piece  has  the  shape  of  a  thin  wafer.  A  thin  layer  of 
n-type  silicon  is  formed  on  the  front  face  of  the  wafer  by  applying  a  phosphorus  com¬ 
pound  to  the  surface  and  then  heating  the  assembly  to  temperatures  as  high  as  800-1000°C 
for  less  than  an  hour.  The  phosphorus  diffuses  into  the  silicon  and  “dopes”  it  with  donors 
(Figure  7.20).  The  n-type  silicon  in  front  and  the  p-type  behind  it  form  the  p-n  junction. 

Both  surface-barrier  and  diffused-junction  detectors  are  used  for  the  detection  of 
charged  particles.  To  be  able  to  measure  the  energy  of  the  incident  radiation,  the  size  X0 
of  the  detector  should  be  at  least  equal  to  the  range  of  the  incident  particle  in  silicon.  The 
value  of  X0  depends  on  the  resistivity  of  the  material  (which  in  turn,  depends  on  impurity 
concentration)  and  on  the  applied  voltage,  as  shown  by  Equation  7.11.  Blankenship  and 
Borkowski  have  designed  a  nomogram  relating  all  these  quantities  (Figure  7.21).9 

7.5.3  Silicon  Lithium-Drifted  [Si(Li)]  Detectors 

For  surface-barrier  and  diffused-junction  detectors,  the  sensitive  region— that  is,  the  actual 
size  of  the  detector— has  an  upper  limit  of  about  2000  |im.  This  limitation  affects  the  maxi¬ 
mum  energy  of  a  charged  particle  that  can  be  measured.  For  electrons  in  Si,  the  range  of 
2000  !tm  corresponds  to  energy  of  about  1.2  MeV;  for  protons,  the  corresponding  number 
is  about  18  MeV;  for  alphas,  it  is  about  72  MeV.  The  length  of  the  sensitive  region  can  be 
increased  if  lithium  ions  are  left  to  diffuse  from  the  surface  of  the  detector  toward  the  other 
side.  This  process  has  been  used  successfully  with  silicon  and  germanium  and  has  produced 


(typical  ~0.1  pm  thick) 


FIGURE  7.20  A  diffused-junction  detector. 
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Silicon  resistivity 


FIGURE  7.21  The  Blankenship  and  Borkowski5  nomogram  that  relates  resistivity,  detector  thick¬ 
ness,  and  detector  bias.  The  detector  capacitance  as  a  function  of  detector  thickness  is  also  given. 


the  so-called  Si(Li)  (pronounced  silly)  and  Ge(Li)  (pronounced  jelly)  semiconductor  detec¬ 
tors.  Lithium-drifted  detectors  have  been  produced  with  depth  up  to  5  mm  in  the  case  of 
Si(Li)  detectors  and  up  to  12  mm  in  the  case  of  Ge(Li)  detectors. 

The  lithium  drifting  process,  developed  by  Pell10  and  Mayer,11  consists  of  two  major 
steps:  (1)  formation  of  an  n-p  junction  by  lithium  diffusion,  and  (2)  increase  of  the  depletion 
depth  by  ion  drifting. 
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The  n-p  junction  is  formed  by  letting  lithium  diffuse  into  a  p-type  silicon.  The  diffu¬ 
sion  can  be  accomplished  by  several  methods.12-15  Probably  the  simplest  method  consists  of 


painting  a  lithium-in-oil  suspension  onto  the  surface  from  which  drifting  is  to  begin.  Other 


methods  are  lithium  deposition  under  vacuum,  or  electrodeposition.  After  the  lithium  is 
applied  on  the  surface,  the  silicon  wafer  is  heated  at  250-400°C  for  3-10  min  in  an  inert 
atmosphere,  such  as  argon  or  helium. 


Lithium  is  an  n-type  impurity  (donor  atom)  with  high  mobility  in 
silicon  (and  germanium;  see  the  next  section).  When  the  diffusion  begins, 
the  acceptor  concentration  ( N )  is  constant  throughout  the  silicon  crystal 
(Figure  7.22a),  while  the  donor  concentration  (N„)  is  high  on  the  surface 
and  zero  everywhere  else.  As  the  diffusion  proceeds,  the  donor  concentra¬ 
tion  changes  with  depth,  as  shown  in  Figure  7.22a.  At  the  depth  Xj  where 


K(x)=Np 


X 


0 


a  n-p  junction  has  been  formed  (Figure  7.22b). 


After  the  diffusion  is  completed,  the  crystal  is  left  to  cool,  the  excess 
lithium  is  removed,  and  ohmic  contacts  are  put  on  the  n  and  p  sides  of  the 


(b) 


junction.  The  contact  on  the  p  side  is  usually  formed  by  evaporating  alu¬ 
minum  or  gold  doped  with  boron.  The  contact  on  the  n  side  can  be  formed 
by  using  pure  gold  or  antimony-doped  gold. 

Drifting  is  accomplished  by  heating  the  junction  to  120-150°C  while 
applying  a  reverse  bias  that  may  range  from  25  V  up  to  about  1000  V.  In 
general,  the  higher  the  temperature  and  the  voltage,  the  faster  the  drift¬ 
ing  proceeds.  Depending  on  the  special  method  used,  the  semiconductor 
may  be  under  vacuum  or  in  air  or  be  placed  in  a  liquid  bath  (e.g.,  sili¬ 
con  oil  or  fluorocarbon).  The  electric  field  established  by  the  reverse  bias 
*  tends  to  move  the  n-type  atoms  (lithium)  toward  the  p  side  of  the  junction. 
As  a  result,  the  concentration  of  lithium  atoms  becomes  lower  for  x  <  Xj 


(Figure  7.22a)  and  higher  for  x  >  Xj.  For  x  <  xjt  Nn  cannot  become  less  than 
Np  because  then  a  local  electric  field  would  appear  pushing  the  lithium 
atoms  toward  the  n  side.  Similarly,  forx  >  xjt  Nn  cannot  increase  very  much 
because  the  local  electric  field  works  against  such  a  concentration.  Thus, 
a  region  is  created  that  looks  like  an  intrinsic  semiconductor  because 


FIGURE  7.22  (a)  During  the  diffusion  of 

lithium,  the  donor  concentration  changes 
with  depth  as  shown,  (b)  during  drifting  (at 
elevated  temperature  and  under  reverse 
bias),  an  almost  intrinsic  region  is  formed 
with  thickness  x0 


Nn  ~  Np.  For  long  drifting  times,  the  thickness  of  the  intrinsic  region  X0{t) 
as  a  function  of  time  is  given  by 


(7.13) 


where 


V  =  applied  voltage 

HLi  =  mobility  of  Li  ions  in  silicon  at  the  drifting  temperature 

The  mobility  of  lithium  atoms,  which  increases  with  temperature,16  has  a  value  of  about 
5  x  10-14  m2/V-  s  at  T=  150°C.  Drifting  is  a  long  process.  Depending  on  the  desired  thick¬ 
ness,  drifting  may  take  days  and  sometimes  weeks. 
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EXAMPLE  7.1 

How  long  will  it  take  to  obtain  an  intrinsic  region  of  1.5  mm  in  a  silicon  wafer  drifted  at 
150°C  under  a  reverse  bias  of  500  V? 


Answer 

Using  Equation  7.13  with  |tt,  =  5  x  10-14  mW-s,  one  obtains 


t  =  X°(t) 

2V\i  u 


(1.5  x  10“3)2  nr 
2(500  V)[5  x  1 0"'4  m2/(V  ■  s)] 


=  4.5  x  1 04  s  =  12.5  h 


J 


After  drifting  is  completed,  the  Si  (Li)  detector  is  mounted  on  a  cryostat,  since  the  best 
results  are  obtained  if  the  detector  is  operated  at  a  very  low  temperature.  Usually,  this  tem¬ 
perature  is  77  K,  the  temperature  of  liquid  nitrogen.  Si(Li)  detectors  may  be  stored  at  room 
temperature  for  a  short  period  without  catastrophic  results,  but  for  longer  periods,  it  is 
advisable  to  keep  the  detector  cooled  at  all  times.  The  low  temperature  is  necessary  to  keep 
the  lithium  drifting  at  a  “frozen"  state.  At  room  temperature,  the  mobility  of  lithium  atoms 
is  such  that  its  continuous  diffusion  and  precipitation12  will  ruin  the  detector. 

Si(Li)  detectors  are  used  for  the  detection  of  charged  particles  and  especially  x-rays. 
Their  characteristics  with  respect  to  energy  measurements  are  described  in  Chapters  12 
and  13. 


7.5.4  Germanium  Lithium-Drifted  [Ge(Li)]  Detectors 

Ge(Li)  detectors  are  not  made  anymore;  they  have  been  replaced  by  pure  germanium  crys¬ 
tals.  Historically,  Ge(Li)  detectors  dominated  the  gamma  detection  field  until  about  1985. 
While  there  are  hardly  any  Ge(Li)  detectors  still  in  use,  a  brief  discussion  is  presented  in 
this  section  for  historical  purposes.  Also  described  are  the  technical  evolutionary  upgrades 
germanium  detectors  underwent. 

Ge(Li)  detectors  are  made  from  horizontally  grown  or  pulled  single  crystals  of  germa¬ 
nium.  As  the  crystal  is  grown,  it  is  doped  with  acceptor  impurities  such  as  indium,  gallium, 
or  boron  and  it  becomes  a  p-type  semiconductor.  Germanium  crystals  may  be  cut  to  length 
and  be  shaped  by  a  variety  of  means,  including  the  use  of  diamond  wheels  or  band  saws.  In 
these  mechanical  operations,  great  care  must  be  taken  not  to  fracture  the  brittle  material. 

Lithium  drifting  in  germanium  follows  the  same  approach  as  in  silicon.  The  deposi¬ 
tion  and  diffusion  of  lithium  are  accomplished  by  one  of  the  methods  discussed  in  the 
previous  section.  The  ohmic  contacts  are  made  by  electrolytic  deposition  of  gold,17  by  using 
gallium-indium,18  mercury-indium,19  or  by  ion  implantation.20  The  drifting  process  itself 
takes  place  at  a  lower  temperature  (<60°C)  than  for  silicon,  with  the  germanium  diode  in 
air21  or  immersed  in  a  liquid  maintained  at  its  boiling  point.22 

After  the  drifting  process  has  been  completed,  the  detector  is  mounted  on  a  cryo¬ 
stat  and  is  always  kept  at  a  low  temperature  (liquid  nitrogen  temperature  ~77  I<).  Keeping 
the  Ge(Li)  detector  at  a  low  temperature  is  much  more  critical  than  for  a  Si(Li)  detector. 
The  mobility  of  the  lithium  atoms  in  germanium  is  so  high  at  room  temperature  that  the 
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detector  will  be  ruined  if  brought  to  room  temperature  even  for  a  short  period.  If  this  hap¬ 
pened,  the  detector  would  have  to  be  redrifted,  but  at  a  considerable  cost. 


7.5.5  Germanium  Detectors 

The  production  of  high-purity  germanium  (HPGe)  with  an  impurity  concentration  of  1016 
atoms/cm3  or  less  has  made  possible  the  construction  of  detectors  without  lithium  drift¬ 
ing.23-25  These  detectors  are  now  designated  as  Ge,  not  HPGe,  and  are  simply  formed  by 
applying  a  voltage  across  a  piece  of  germanium.  The  sensitive  depth  of  the  detector  depends 

on  the  impurity  concentration  and  the  voltage  applied,  as 
shown  in  Figure  7.23. 

The  major  advantage  of  Ge  versus  Ge(Li)  detectors  is 
that  the  former  can  be  stored  at  room  temperature  and 
cooled  to  liquid  nitrogen  temperature  (77  I<)  only  when 
in  use.  Cooling  the  detector,  when  in  use,  is  necessary 
because  germanium  has  a  relatively  narrow  energy  gap, 
and  at  room  or  higher  temperatures,  a  leakage  current  due 
to  thermally  generated  charge  carriers  induces  such  noise 
that  the  energy  resolution  of  the  device  is  destroyed. 

Germanium  detectors  are  fabricated  in  various  geom¬ 
etries,  thus  offering  devices  that  can  be  tailored  to  the  spe¬ 
cific  needs  of  the  measurement.  Two  examples,  the  coaxial 
and  the  well-type  detector,  are  shown  in  Figure  7.24. 

Efficiencies  of  germanium  detectors  are  calibrated 
against  7.62  cm  x  7.62  cm  (3  in.  x  3  in.)  sodium  iodide 
(Nal)  with  a  60Co  source  (see  Section  12.5.1).  In  the  past, 
these  efficiencies  ranged  between  10%  and  50%.  However, 
improvements  in  detector  technology  have  resulted  in  germanium  detectors  to  exceed  100%. 
In  fact,  detectors  with  efficiencies  up  to  200%  can  be  readily  manufactured  (keep  in  mind 
that  efficiency  numbers  quoted  for  Ge  detectors  are  always  values  relative  to  the  efficiency 
of  a  7.62  cm  x  7.62  cm  Nal  for  60Co  photons).  This  has  greatly  enhanced  measurements  in 


Impurity  concentration,  at/cm3 


FIGURE  7.23  Depletion  depth  as  a  function  of  impurity 
concentration  and  applied  voltage  for  planar  diodes  of  high- 
purity  germanium.  (From  Pehl,  R.  H.,  Phys.  Today,  30:50,1977.) 


(a) 


Incident 

radiation 


FIGURE  7.24  Two  examples  of  geometries  used  forGe  detectors:  (a)  coaxial;  (b)  well  type.  (From 
Canberra  Nuclear,  Edition  Nine  Instruments  Catalog.) 
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environmental  radioactivity  studies.  Excellent  overviews  of  germanium  detector  character¬ 
istics  can  be  seen  in  manufacturers’  websites  (http://www.canberra.com,  http://www.ortec- 
online.com,  http://www.pgt.com,  etc.). 

Another  great  improvement  in  detector  technology  has  been  the  introduction  of  a  new 
cooling  method  of  germanium  detectors.  These  new  mechanical  coolers  have  great  advan¬ 
tages  over  those  using  liquid  nitrogen  cooling.  An  excellent  overview  of  this  technology  has 
been  published.26 

More  details  about  these  detectors  are  presented  in  Chapter  12  in  connection  with 
y-ray  spectroscopy. 

7.5.6  CdTe,  CdZnTe,  and  HgI2  Detectors 

The  major  disadvantage  of  germanium  detectors  is  the  requirement  for  continuous  cooling. 
Cooling  requires  a  cryostat,  which  makes  the  counter  bulky  and  thus  impossible  to  use  in 
cases  where  only  a  small  space  is  available;  another  disadvantage  is  the  cost  of  continu¬ 
ously  buying  liquid  nitrogen.  There  is  a  great  incentive,  therefore,  to  develop  semiconductor 
detectors  that  can  be  stored  and  operated  at  room  temperature.  Over  the  last  two  decades, 
there  have  been  great  strides  in  manufacturing  such  detectors.  Earlier  on,  two  materials 
that  have  been  studied  and  show  great  promise  for  the  construction  of  such  detectors  are 
CdTe  and  Hgl2.27-40  A  comprehensive  review  of  the  state  of  the  art  (until  1978)  for  both 
materials  can  be  found  in  Reference  41.  A  review  article  on  room-temperature  compound 
semiconductors  was  published  in  1997  by  McGregor  and  Hermon  (see  further  reading). 

Successful  detectors  using  CdTe  or  Hgl2  have  been  constructed  with  thickness  up  to 
0.7  mm  and  area  100  mm2  (as  of  1978).36  These  detectors  are  small  in  size,  compared  to  Si(Li) 
or  Ge(Li)  detectors,  but  the  required  detector  volume  depends  on  the  application.  For  CdTe 
and  Hgl2,  the  favored  applications  are  those  that  require  a  small  detector  volume:  monitoring 
in  space,42  measurement  of  activity  in  nuclear  power  plants,43  medical  portable  scanning,44  or 
medical  imaging  devices.45  Although  the  detector  volume  is  small,  efficiency  is  considerable 
because  of  the  high  atomic  number  of  the  elements  involved  (Table  7.2).  The  energy  needed 
for  the  production  of  an  electron-hole  pair  is  larger  for  CdTe  and  Hgl2  than  it  is  for  Si  and  Ge; 
as  a  result,  the  energy  resolution  of  the  former  is  inferior  to  that  of  the  latter  (see  also  Chapter 
12).  However,  CdTe  and  Hgl2  detectors  may  be  used  in  measurements  where  their  energy 
resolution  is  adequate  while,  at  the  same  time,  their  small  volume  and,  in  particular,  their 
room-temperature  operation  offers  a  distinct  advantage  over  Si(Li)  and  Ge  detectors. 

CdTe  detectors  have  been  used  for  Mossbauer  spectroscopy46  and  induced  radia¬ 
tion  damage.47  Afterwards,  CdZnTe  (often  named  CZT)  detectors  have  appeared  on  the 
market  used  in  a  variety  of  research  topics  such  as  ion  beam-induced  charge  collection,48 


TABLE  7.2 

Properties  of  Si,  Ge,  CdTe,  Hgl2,  and  CdZnTe 

Material 

Atomic  Number 

Energy  Gap 
(eV) 

Energy  Needed  to 
Form  the  Pair  (eV) 

Si 

14 

1.106  (300  K) 

3.65  (300  K) 

Ge 

32 

0.67  (77  K) 

2.96  (77  K) 

CdTe 

48  and  52 

1 .47  (300  K) 

4.43  (300  K) 

Hgl2 

80  and  53 

2.13  (300  K) 

4.22  (300  K) 

CdZnTe 

48, 30,  and  52 

1 .64  (300  K) 

5.0  (300  K) 
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implementation  in  ion  beam  facilites,49  time-resolved  ion  beam-induced  charge,50  and  the 
effect  of  boron  ion  implantation  on  the  structural  and  optical  properties  of  polycrystalline 
Cd0  96Zn0  04Te  thin  films.51 

Other  detectors  include  Hgl2,  gallium  arsenide  (GaAs),  Csl,  and  lanthanum  trichloride 
(LaCl3).  A  performance  comparison  for  efficiency,  resolution,  and  peak  shape  of  four  com¬ 
pact  room-temperature  detectors,  two  CZT  semiconductor  detectors,  a  LaCl3(Ce)  scintilla¬ 
tor,  and  a  Nal(Tl)  scintillator  can  be  found  in  Reference  52. 

7.6  RADIATION  DAMAGE  TO  SEMICONDUCTOR 
DETECTORS 

The  fabrication  and  operation  of  a  semiconductor  detector  are  based  on  the  premise  that 
one  starts  with  a  perfect  crystal  containing  a  known  amount  of  impurities.  Even  if  this  is 
true  at  the  beginning,  a  semiconductor  detector  will  suffer  damage  after  being  exposed 
to  radiation.  The  principal  type  of  radiation  damage  is  caused  by  the  collision  of  an  inci¬ 
dent  particle  with  an  atom.  As  a  result  of  the  collision,  the  atom  may  be  displaced  into  an 
interstitial  position,  thus  creating  an  interstitial-vacancy  pair  known  as  the  Frenkel  defect. 
A  recoiling  atom  may  have  enough  energy  to  displace  other  atoms;  therefore,  an  incident 
particle  may  produce  many  Frenkel  defects. 

Crystal  defects  affect  the  performance  of  the  detector  because  they  may  act  as  trap¬ 
ping  centers  for  electrons  and  holes  or  they  may  create  new  donor  or  acceptor  states.  New 
trapping  centers  and  new  energy  states  change  the  charge  collection  efficiency,  the  leakage 
current,  the  pulse  rise  time,  the  energy  resolution,  and  other  properties  of  the  detector. 
The  changes  are  gradual,  but  the  final  result  is  deterioration  of  detector  performance  and, 
therefore,  shortening  of  the  detector  lifetime. 

Electrons  and  photons  cause  negligible  radiation  damage  compared  to  charged  par¬ 
ticles  and  neutrons.  Heavier  and  more  energetic  charged  particles  cause  more  damage  than 
lighter  and  less  energetic  particles.2,25  Also,  the  damage  is  not  the  same  for  all  detector 
types.  Table  7.3  gives  the  fluences  that  cause  considerable  radiation  damage  for  different 
detectors  and  bombarding  particles.  Ge  detectors  are  not  affected  by  gammas,  but  they  are 
damaged  by  the  neutrons  in  a  mixed  n-y  field. 

There  has  been  a  multitude  of  radiation  damage  studies  on  various  types  of  detectors. 
These  include  investigation  of  radiation  damage  in  a  Si  pin  photodiode  for  particle  detec¬ 
tion,53  mechanisms  of  damage  formation  in  semiconductors,54  radiation  damage  mecha¬ 
nisms  in  CsI(Tl)  studied  by  ion  beam-induced  luminescence,55  frequency  dependence  of 
AC  conductance  of  neutron-irradiated  silicon  detectors  to  fluences  up  to  1016  n  cm-2  radia¬ 
tion  damage56  induced  by  2  MeV  protons  in  CdTe  and  CdZnTe  semiconductor  detectors,57 
effect  of  neutron  damage  on  energy  and  position  resolution  of  the  GRETINA  germanium 


TABLE  7.3 

Particle  Fluence  That  Causes  Significant  Radiation  Damage 


Heavy  Ions 
(Particles/m2) 

Alphas 

(a/m2) 

Fast  Neutrons 

(n/m2) 

Junction  detectors 

HP 

1014 

Si(Li) 

HP 

HP 

Ge(Li)  or  Ge 

KP-1014 
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detector,58  neutron  damage  tests  of  a  highly  segmented  germanium  crystal,59  radiation  dam¬ 
age  in  p-type  silicon  irradiated  with  neutrons  and  protons,60  annealing  studies  of  silicon 
microstrip  detectors  irradiated  at  high  neutron  fluences,61  an  assessment  of  radiation  dam¬ 
age  in  space-based  germanium  detectors  due  to  solar  proton  events,62  solar  proton  dam¬ 
age  in  HPGe  detectors,63  numerical  simulation  of  radiation  damage  effects  in  p-type  silicon 
detectors,64  radiation  damage  in  silicon  detectors,65  radiation  damage  measurements  in 
room-temperature  semiconductor  radiation  detectors,66  radiation  damage  measurements 
on  CZT  drift  strip  detectors,67  and  radiation  damage  study  of  GaAs  detectors  irradiated  by 
fast  neutrons.68 
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PROBLEMS 

7.1  What  is  the  probability  that  an  electron  energy  state  in  Ge  will  be  occupied  at  tem¬ 
perature  T  =  300  I<  if  the  energy  state  is  more  than  the  Fermi  energy  by  2  eV? 

7.2  Repeat  Problem  7.1  for  T=  11 1<. 

7.3  The  energy  gap  for  diamond  is  7  eV.  What  temperature  will  provide  thermal  energy 
(. kT )  equal  to  that  amount? 

7.4  What  should  be  the  maximum  thickness  of  the  gold  layer  covering  the  front  face 
of  a  surface  barrier  detector  used  for  the  measurement  of  10-MeV  alphas,  if  the 
energy  loss  of  the  alphas  traversing  the  layer  should  be  less  than  0.1%  of  the  kinetic 
energy? 

7.5  Repeat  Problem  7.4  for  6-MeV  electrons. 

7.6  A  6-MeV  alpha  particle  strikes  a  Si  wafer  with  thickness  equal  to  0.8  R,  where 
R  =  range  of  this  particle  in  Si.  What  is  the  total  energy  loss  of  this  particle  as  it 
traverses  this  Si  wafer? 

7.7  The  thickness  of  the  gold  layer  covering  the  front  face  of  a  semiconductor  detec¬ 
tor  may  be  measured  by  detecting  particles  entering  the  detector  at  two  different 
angles.  Calculate  that  thickness  if  alphas  that  enter  in  a  direction  perpendicular  to 
the  front  face  register  as  having  energy  4.98  MeV,  but  those  that  enter  at  a  45°  angle 
register  as  having  energy  4.92  MeV. 

7.8  What  is  the  average  distance  traveled  in  Si  by  a  50-I<eV  gamma  before  it  has  an 
interaction?  What  is  the  corresponding  distance  in  Ge? 

7.9  Lithium  has  been  drifted  in  germanium  at  50°C  under  a  reverse  bias  of  500  V  for  2 
weeks.  What  is  your  estimate  of  the  drifting  depth?  [|ai;  =  1.5  x  10  13  m2/(V  •  s)] 

7.10  A  parallel  beam  of  0.5-MeV  gammas  is  normally  incident  upon  2-mm-thick  crys¬ 
tals  of  Si,  Ge,  CdTe,  and  Hgl2.  What  fraction  of  photons  will  interact  at  least  once 
in  each  crystal? 

7.11  A  Ge  detector  is  used  in  a  mixed  n-y  field.  The  front  face  of  the  detector  is  covered 
with  Au,  thickness  10  pm.  The  detector  itself  is  1  cm  thick.  Assuming  the  field 
consists  of  1  MeV  gamma  and  1  MeV  neutrons,  what  fraction  of  each  type  of  radia¬ 
tion  will  interact  in  the  detector?  Make  appropriate  assumptions.  Neutron  cross 
sections  (total):  =  oAu  =  5.3  b,  aGe  =  0.15  b. 
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Relative  and  Absolute 
Measurements 


8.1  INTRODUCTION 

An  absolute  measurement  is  one  in  which  the  exact  number  of  particles  emitted  or  the 
exact  number  of  events  taking  place  is  determined,  for  example, 

1.  Determination  of  the  activity  of  a  radioactive  source,  that  is,  measurement  of  the 
number  of  particles  emitted  by  the  source  per  second 

2.  Determination  of  the  neutron  flux  (neutrons  per  square  meter  per  second)  at  a  cer¬ 
tain  point  in  a  reactor 

3.  Measurement  of  the  number  of  neutrons  emitted  per  fission 

4.  Measurement  of  the  first  cross  section  for  a  nuclear  interaction 

A  relative  measurement  is  one  in  which  the  exact  number  of  particles  emitted  or  the 
exact  number  of  events  taking  place  is  not  determined.  Instead,  a  “relative”  number  of  par¬ 
ticles  or  events  is  measured,  a  number  that  has  a  fixed,  but  not  necessarily  known,  relation¬ 
ship  to  the  exact  number,  for  example, 

1.  Determination  of  the  G-M  plateau.  The  relative  change  of  the  number  of  parti¬ 
cles  counted  versus  HV  is  measured.  The  exact  number  of  particles  emitted  by  the 
source  is  not  determined;  in  fact,  it  is  not  needed. 
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2.  Determination  of  half-life  by  counting  the  decaying  activity  of  an  isotope.  The  rela¬ 
tive  change  of  the  number  of  nuclei  of  the  isotope  as  a  function  of  time  is  measured. 
The  exact  number  of  nuclei  decaying  per  second  is  not  needed. 

3.  Measurement  of  the  fission  cross  section  for  239Pu,  based  on  the  known  fission  cross 
section  for  235U. 

4.  Determination  of  the  variation  of  the  neutron  flux  along  the  axis  of  a  cylindrical 
reactor  core.  The  relative  change  of  the  flux  from  point  to  point  along  the  axis  of 
the  reactor  is  measured,  and  not  the  exact  number  of  neutrons  per  square  meter  per 
second. 

Relative  measurements  are,  in  most  cases,  easier  than  absolute  measurements.  For  this 
reason,  investigators  tend  to  perform  the  very  minimum  number  of  absolute  measurements 
and  use  their  results  in  subsequent  relative  measurements.  One  of  the  most  characteristic 
examples  is  the  determination  of  the  value  of  nuclear  cross  sections.  Absolute  measure¬ 
ments  have  been  performed  for  very  few  cross  sections.  After  certain  cross  sections  have 
been  measured,  most  of  the  others  may  be  determined  relative  to  the  known  ones. 

This  chapter  discusses  the  factors  that  should  be  taken  into  account  in  performing 
absolute  and  relative  measurements.  Assume  that  there  is  a  source  of  particles  placed  a 
certain  distance  away  from  a  detector  (Figure  8.1)  and  that  the  detector  is  connected  to  a 
pulse-type  counting  system.  The  source  may  be  located  outside  the  detector  as  shown  in 
Figure  8.1,  or  it  may  be  inside  the  detector  (e.g.,  liquid-scintillation  counting  and  internal- 
gas  counting),  and  may  be  isotropic  (e.g.,  particles  emitted  with  equal  probability  in  all 
directions)  or  anisotropic  (e.g.,  parallel  beam  of  particles).  Both  cases  will  be  examined.  Let 

S  =  number  of  particles  per  second  emitted  by  the  source 

r  =  number  of  particles  per  second  recorded  by  the  scaler 

It  is  assumed  that  the  counting  rate  r  has  been  corrected  for  dead  time  and  background, 
if  such  corrections  are  necessary.  The  measured  rate  r  is  related  to  S  by 

r=flf2f3-fnS  (8-1) 

where  the  /factors  represent  the  effects  of  the  experimental  setup  on  the  measurement. 
These  factors  may  be  grouped  into  three  categories,  to  be  discussed  in  detail  in  the  follow¬ 
ing  sections: 


Detector  aperture 
or  window 


FIGURE  8.1  A  point  isotropic  source  counted  by  a  pulse-type  counting  system. 
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1.  Geometry  effects.  The  term  geometry  refers  to  size  and  shape  of  source  (point,  paral¬ 
lel  beam,  disk,  rectangular),  size  and  shape  of  detector  aperture  (cylindrical,  rectan¬ 
gular,  etc.),  and  distance  between  source  and  detector. 

2.  Source  effects.  The  size  and,  in  particular,  the  way  the  source  is  made  may  have 
an  effect  on  the  measurement.  Whether  the  source  is  a  solid  material  or  a  thin 
deposit  evaporated  on  a  metal  foil  may  make  a  difference.  The  effect  of  source 
thickness  is  different  for  the  measurement  of  charged  particles,  gammas,  or 
neutrons. 

3.  Detector  effects.  The  detector  may  affect  the  measurement  in  two  ways.  First,  the 
size  and  thickness  of  the  detector  window  (Figure  8.1)  determine  how  many  par¬ 
ticles  enter  the  detector  and  how  much  energy  they  lose,  as  they  traverse  the  win¬ 
dow.  Second,  particles  entering  the  detector  will  not  necessarily  be  counted.  The 
fraction  of  particles  that  is  recorded  depends  on  the  efficiency  of  the  detector  (see 
Section  8.4.2). 


8.2  GEOMETRY  EFFECTS 

The  geometry  may  affect  the  measurement  in  two  ways.  First,  the  medium  between  the 
source  and  the  detector  may  scatter  and  may  also  absorb  some  particles.  Second,  the  size 
and  shape  of  the  source  and  the  detector  and  the  distance  between  them  determine  what 
fraction  of  particles  will  enter  the  detector  and  have  a  chance  to  be  counted. 


8.2.1  Effect  of  the  Medium  between  Source  and  Detector 

Consider  a  source  and  a  detector  separated  by  a  distance  d  (Figure  8.2).  Normally,  the 
medium  between  the  source  and  the  detector  is  air,  a  medium  of  low  density.  For  measure¬ 
ments  of  photons  and  neutrons,  the  air  has  no  effect.  If  the  source  emits  charged  particles, 
however,  all  the  particles  suffer  some  energy  loss,  and  some  of  them  may  be  scattered  in  or 
out  of  the  detector  (Figure  8.2).  If  this  effect  is  important  for  the  measurement,  it  can  be 
eliminated  by  placing  the  source  and  the  detector  inside  an  evacuated  chamber.  If  the  use  of 
an  evacuated  chamber  is  precluded  by  the  conditions  of  the  measurement,  then  appropriate 
corrections  should  be  applied  to  the  results. 


medium  between  the 
source  and  the  detector 
may  scatter  and/or  absorb 
particles  emitted  by  the 
source. 


8.2.2  Solid  Angle:  General  Definition 

To  illustrate  the  concept  of  solid  angle,  consider  a  point 
isotropic  source  at  a  certain  distance  from  a  detector  as 
shown  in  Figure  8.3.  Since  the  particles  are  emitted  by 
the  source  with  equal  probability  in  every  direction,  only 
a  portion  of  the  particles  has  a  chance  to  enter  the  detec¬ 
tor.  That  portion  is  equal  to  the  fractional  solid  angle 
subtended  by  the  detector  at  the  location  of  the  source. 
In  the  general  case  of  an  extended  source,  the  solid  angle 
Q  is  defined  by 


FIGURE  8.3  The  fraction  of  particles  emitted  by  a  point  iso¬ 
tropic  source  and  entering  the  detector  is  defined  by  the  solid 
angle  subtended  by  the  detector  at  the  location  of  the  source. 
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Number  of  particles  per  second  emitted  inside  the  space  defined 
by  the  contours  of  the  source  and  the  detector  aperture 
Number  of  particles  per  second  emitted  by  the  source 


(8.2) 


The  mathematical  expression  for  £2  is  derived  as  follows  (Figure  8.4).  A  plane  source  of 
area  As  emitting  S0  particles/(m2  s),  isotropically,  is  located  a  distance  d  away  from  a  detec¬ 
tor  with  an  aperture  equal  to  Ad.  Applying  the  definition  given  by  Equation  8.2  for  the  two 
differential  areas  dAs  and  dAd  and  integrating,  one  obtains’ 

f  f  (. S0dAsl4nr2)dAd{n  ■  r/r) 

q  _  JaJa, _  (8.3) 

SqAs 

where  n  is  a  unit  vector  normal  to  the  surface  of  the  detector  aperture.  Since  n  ■  r/r  = 
cos  co,  Equation  8.3  takes  the  form 

„  1  f  , .  f  , .  cos  CO 

4nAJ  AJ  (g-4) 

Ad 


FIGURE  8.4  Definition  of  the  solid  angle  for  a  plane  source  and  a  plane  detector  parallel  to  the 
source. 


*  Equation  8.3  applies  to  isotropic  sources;  nonisotropic  sources,  seldom  encountered  in  practice,  need  special 
treatment. 
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Equation  8.4  is  valid  for  any  shape  of  source  and  detector.  In  practice,  one  deals  with 
plane  sources  and  detectors  having  regular  shapes,  examples  of  which  are  given  in  the  fol¬ 
lowing  sections. 

As  stated  earlier,  Q  is  equal  to  the  fractional  solid  angle  (0  <  Q  <  1).  In  radiation  mea¬ 
surements,  it  is  called  either  solid  angle  or  geometry  factor.  In  this  text,  it  will  be  called  the 
solid  angle. 


8.2.3  Solid  Angle  for  a  Point  Isotropic  Source  and 
a  Detector  with  a  Circular  Aperture 

The  most  frequently  encountered  case  of  obtaining  a  solid  angle  is  that  of  a  point  isotropic 
source  at  a  certain  distance  away  from  a  detector  with  a  circular  aperture  (Figure  8.5).  In 
Equation  8.4,  cos  CO  =  dtr,  and  the  integration  gives 


From  Figure  8.5, 


Q.  = 


1  - 


sjd2  +  R 2 


COS  00  = 


s]d2  +  R2 


Therefore,  an  equation  equivalent  to  Equation  8.5  is 

Q  =  ^-(1  -  cos0o) 


(8.5) 


(8.6) 


(8.7) 


It  is  instructive  to  re-derive  Equation  8.7,  not  by  using  Equation  8.4, 
but  by  a  method  that  gives  more  insight  into  the  relationship  between 
detector  size  and  source-detector  distance. 

Consider  the  point  isotropic  source  of  strength  S0  particles  per  sec¬ 
ond  located  a  distance  d  away  from  the  detector,  as  shown  in  Figure  8.6. 
It  is  assumed  that  all  space  outside  the  detectors  is  void.  If  one  draws 
a  sphere  centered  at  the  source  position  and  having  a  radius  Rs  greater 
than  d,  the  number  of  particles/(m2  s)  on  the  surface  of  the  sphere  is 
S0l4nR2.  The  particles  that  will  hit  the  detector  are  those  emitted  within 
a  cone  defined  by  the  location  of  the  source  and  the  detector  aperture. 
If  the  lines  that  define  this  cone  are  extended  up  to  the  surface  of  the 
sphere,  an  area  As  is  defined  there.  As  is  a  nonplanar  area  on  the  surface 
of  the  sphere.  The  number  of  particles  per  second  entering  the  detector 
is  As(S0/4nRf)  and,  using  Equation  8.2,  the  solid  angle  becomes 

Q  =  AfS0/4nRj)  _  A 
So  4nR2 


FIGURE  8.5  The  solid  angle  between  a  point 
isotropic  source  and  a  detector  with  a  circular 
aperture. 
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FIGURE  8.6  Diagram  used  for  the  calculation  of  the  solid  angle  between  a  point  isotropic  source 
and  a  detector  with  a  circular  aperture. 


The  area  is  given  by  (Figure  8.7) 


A 


jdAs  =  J(i?s<i0)(i?ssin  0<i(|))  =  R ; 
27ttfs2(l  -  cos  0O ) 


dQ  sin  0 


FIGURE  8.7  (a)  The  detector  is  at  distance  d  from  the  source,  (b)  The  source  is  assumed  to  be  at 

the  center  of  the  sphere.  The  cone  defined  by  the  angle  0O  determines  the  area  As  (differential  area 
d/4)  on  the  surface  of  the  sphere. 
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Therefore,  the  expression  for  the  solid  angle  becomes 

27t.R2(l  -  cos  0O)  i 


Q  = 


47tiC 


47 t/c 


=  —(1  -  COS0o) 


(8.7a) 


which  is,  of  course,  Equation  8.7. 

If  R<*cd,  Equation  8.5  takes  the  form  [after  expanding  the  square  root  (Equation  8.6) 
and  keeping  only  the  first  two  terms] 


Q  = 


R1 

4d* 


nR  _  detector  aperture 
And2  And2 


(8.8) 


Equation  8.8  is  valid  even  for  a  noncylindrical  detector  if  the  source- detector  distance 
is  much  larger  than  any  of  the  linear  dimensions  of  the  detector  aperture. 


r 


EXAMPLE  8.1 

A  typical  Geiger-Muller  counter  is  a  cylindrical  detector  with  an  aperture  50  mm  in 
diameter.  What  is  the  solid  angle  if  a  point  isotropic  source  is  located  0.10  m  away  from 
the  detector? 

Answer 

Using  Equation  8.5  with  d  =  0.10  m  and  R  =  25  mm, 


n  = 


i  - 


o.io 


J 0.1 02  +  (25  x  1  0”3)2 


0.015 


J 


If  Q  =  1,  the  setup  is  called  a  An  geometry 
because  the  detector  sees  the  full  An  solid  angle 
around  the  source.  A  spherical  detector  repre¬ 
sents  such  a  case  (Figure  8.8a).  If  Q.  =  1/2,  the 
setup  is  called  a  2ji  geometry.  Then  half  of  the 
particles  emitted  by  the  source  enter  the  detector 
(Figure  8.8b). 


8.2.4  Solid  Angle  for  a  Disk  Source  Parallel  to 
a  Detector  with  a  Circular  Aperture 

Consider  a  disk  source  parallel  to  a  detector  with  a  circular  aperture  (Figure  8.9).  Starting 
with  Equation  8.4,  one  may  obtain  an  expression  involving  elliptic  integrals1,2  or  the  follow¬ 
ing  equation  in  terms  of  Bessel  functions3,4: 


(a)  (b) 


FIGURE  8.8  (a)  4jt  Geometry  and  (b)  2?t  geometry. 
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.  Source 


FIGURE  8.10  The 

solid  angle  between  a 
point  isotropic  source 
and  a  detector  with  a 
rectangular  aperture. 
Source  is  located  directly 
above  one  corner  of  the 
detector. 


FIGURE  8.9  A  disk  source  and  a  detector  with  a  circular  aperture. 


Q.  =  s\dxe-xzJ,M  Ji(xs) 

J  X 

0 


(8.9) 


where  s  =  Rd/Rs,  z  =  dlRs,  and  }^{x)  =  Bessel  function  of  the  first  kind.  If  RJd  and  RJd  are  less 
than  1,  the  following  algebraic  expression  is  obtained  for  the  solid  angle  (see  Problem  8.1): 


. .  co  8,2  2\  1 5 

Q.  =  — 1 1 - (vir  +  co  )  +  — 

4  4  Y  8 


/  4  4 

\1/  +  co  22 

— - +  \|/  CO 

V  ° 


35 

16 


\j/6  +  co6  3 


+  —  \|/  C0“(\|/  +  CO  ) 
4  2 Y  Y 


(8.10) 


where 

\|/  =  RJd 
co  =  RJd 

The  accuracy  of  Equation  8.10  increases  as  \|/  and  co  decrease.  If  \|/  <  0.2  and  co  <  0.5,  the 
error  is  less  than  1%. 

8.2.5  Solid  Angle  for  a  Point  Isotropic  Source  and 
a  Detector  with  a  Rectangular  Aperture 

Consider  the  geometry  of  Figure  8.10  with  a  point  isotropic  source  located  a  distance  d 
away  from  a  detector  having  a  rectangular  aperture  with  area  equal  to  ab,  straight  above 
one  corner  of  the  detector  aperture.  The  solid  angle  is  given  by5 
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Q  -  —  arctan 
4  n 


ab 

d\]a2  +  b~  +  d~ 


(8.11) 


If  the  source  is  located  at  an  arbitrary  point  above  the  detector,  the  solid  angle  is  the 
sum  of  four  terms  (Figure  8.11),  each  of  them  similar  to  Equation  8.11.  As  Figure  8.11  shows, 
the  detector  is  divided  into  four  rectangles  by  the  lines  that  determine  the  coordinates  of 
the  point  P.  The  solid  angle  is  then 

E2  =  +  0*2  T  ^3  T  ^4 


where  Q,  for  i=  1, ...,  4  is  given  by  Equation  8.11  for  the  corresponding  rectangles. 


8.2.6  Solid  Angle  for  a  Disk  Source  and  a  Detector 
with  a  Rectangular  Aperture 

Consider  the  geometry  shown  in  Figure  8.12.  A  disk  source  is  located  at  a  distance  d  above 
a  detector  having  a  rectangular  aperture  with  an  area  equal  to  ab.  It  is  assumed  that  the 
center  of  the  source  is  directly  above  one  corner  of  the  aperture,  as  shown  in  Figure  8.12. 
The  expression  of  the  solid  angle  in  the  general  case  of  the  arbitrary  position  is  derived  in 
the  manner  shown  in  Section  8.2.5. 

The  distance  r  (Figure  8.12)  is  equal  to 


FIGURE  8.12  A  disk  source  and  a  detector  with  a  rectangular  aperture. 


.  Source 
d 


FIGURE  8.11  A  point 
isotropic  source  located 
at  an  arbitrary  point 
above  a  detector  with 
a  rectangular  aperture. 
The  solid  angle  is  equal 
to  four  terms,  each  given 
by  Equation  8.11. 
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Equation  8.4  is  then  written  as 


Rs  2k  a  b 


Q  =  iih  W*  Hdy 


0  0  0  0 


2  2 
,  rs  x 


H - 7 —  2 

d2 


rs  X  +y 


cos 


<|)s  -  cos 


\ 


-o  (-3/2) 


yjx2  +  y2 


(8.12) 


As  in  Section  8.2.4,  if  the  ratios  RJd  (Rs  =  source  radius  as  seen  in  Figure  8.9),  aid,  and 
bid  are  less  than  1,  the  expression  in  the  brackets  may  be  expanded  in  a  series.  If  only  the 
first  four  terms  are  kept,  the  result  of  the  integration  is 


Q.  = 


CO1CO2 

4jc 


1 - \|/2 - (co?  +  CO2)  +  — (5\|/4  +  3cof  +  3co^) 

4  2  8 


+  |v|/2(co?  +  0)2)  -  +  ^cofcoj  -  y|v4(®I  +  col) 

-  —  \j/2(9c0i  +  9co4  +  10co?col)  -  —  co?co|(co?  +  col) 

32  16 

— —  (cof  +  CO2) 

16 


(8.13) 


where 

CO! 

co2 

¥ 

8.2.7  Use  of  the  Monte  Carlo  Method  for  the 
Calculation  of  the  Solid  Angle 

The  basic  equation  defining  the  geometry  factor  (Equation  8.4)  can  be  solved  analytically 
in  very  few  cases.  Approximate  solutions  can  be  obtained  either  by  a  series  expansion 
(Equations  8.10  and  8.13  are  such  results)  or  by  a  numerical  integration  or  using  other 
approximations.1,6,7 

A  general  method  that  can  be  used  with  any  geometry  is  based  on  a  Monte  Carlo  calcu¬ 
lation,8-11  which  simulates,  in  a  computer,  the  emission  and  detection  of  particles.  A  com¬ 
puter  program  is  written  based  on  a  model  of  the  source-detector  geometry.  Using  random 
numbers,  the  particle  position  of  birth  and  the  direction  of  emission  are  determined.  The 
program  then  checks  whether  the  randomly  selected  direction  intersects  the  detector  vol¬ 
ume.  By  definition,  the  ratio  of  particles  hitting  the  detector  to  those  emitted  by  the  source 
is  equal  to  the  solid  angle. 

The  advantage  of  a  Monte  Carlo  calculation  is  the  ability  to  study  complicated  geom¬ 
etries.  The  result  has  a  statistical  error  associated  with  it,  an  error  that  decreases  as  the 
number  of  particles  used  in  the  simulation  increases. 


a 

d 

b 

d 

Rs 
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FIGURE  8.13  Source  self-absorption.  Particles  may  be  absorbed  in  the  source  deposit. 

8.3  SOURCE  EFFECTS 

Two  source  effects  are  discussed  in  this  section:  absorption  of  particles  in  the  source,  and 
the  effect  of  the  backing  material  that  supports  the  source.  Both  effects  are  always  impor¬ 
tant  in  measurements  of  charged  particles.  In  some  cases,  however,  they  may  also  be  signifi¬ 
cant  in  x-ray  or  thermal-neutron  measurements. 

8.3.1  Source  Self-Absorption  Factor  (fa) 

Radioactive  substances  are  deposited  on  a  backing  material  in  thin  deposits.  But  no  matter 
how  thin,  the  deposit  has  a  finite  thickness  and  may  cause  absorption  of  some  particles  emit¬ 
ted  by  the  source.  Consider  the  source  of  thickness  t  shown  in  Figure  8.13.  Particle  1  traverses 
the  source  deposit  and  enters  the  detector.  Particle  2  is  absorbed  inside  the  source  so  that  it 
will  not  be  counted.  Therefore,  source  self- absorption  will  result  in  a  decrease  of  the  counting 
rate  r. 

Source  self-absorption  may  be  reduced  to  an  insignificant  amount  but  it  cannot  be 
eliminated  completely.  It  is  always  important  for  charged  particles  and  generally  more  cru¬ 
cial  for  heavier  particles  {p,  a,  d,  heavy  ions)  than  for  electrons. 

Source  self-absorption,  in  addition  to  altering  the  number  of  particles  leaving  the 
source,  may  also  change  the  energy  of  the  particles  escap¬ 
ing  from  it.  Particle  1  in  Figure  8.13  successfully  leaves  the 
deposit,  but  it  loses  some  energy  as  it  goes  through  the 
deposit.  This  energy  loss  is  important  when  the  energy  of 
the  particle  is  measured. 

An  approximate  correction  for  self-absorption  can  be 
obtained  if  the  source  emits  particles  following  a  known 
attenuation  law.  As  an  example,  consider  a  source  with 
thickness  t  (Figure  8.14)  that  has  a  uniform  deposit  of  a 
radioisotope  emitting  (3  particles.  Assume  that  the  source 
gives  S  betas  per  second  in  the  direction  of  the  positive  x 
axis.  If  self-absorption  is  absent,  S  betas  per  second  will  leave 
the  source  (toward  positive  x ).  Because  of  the  source  thick¬ 
ness,  betas  produced  in  dx,  around  x,  have  to  successfully 


FIGURE  8.14  Diagram  used  for  the  calculation  of  the 
source  self-absorption  factor  for  betas. 
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penetrate  the  thickness  (t-x)  to  escape.  The  probability  of  escape  is  e^‘~x)  where  p  is  the 
attenuation  coefficient  for  the  betas  in  the  material  of  which  the  deposit  is  made.  The  total 
number  of  betas  escaping  is 


A  self- absorption  factor^  is  defined  by 


Number  of  particles  leaving  source  with  self-absorption 


Number  of  particles  leaving  source  without  self- absorption 


Using  the  result  obtained  above, 


_  (SAp)(i-trn  _  1 


0  <  /„  <  1 


(8.14) 


r 


EXAMPLE  8.2 


Assume  that  137Cs  was  deposited  on  a  certain  material.  The  thickness  of  the  deposit  is 
f  =  0.1  mm.  ,37Cs  emits  betas  with  £max  =  0.514  MeV.  What  is  the  value  of  fa  for  such  a 
source?  The  density  of  cesium  is  1.6  x  103  kg/m3. 

Answer 

For  betas  of  £max  =  0.514  MeV,  the  attenuation  coefficient  is  (from  Chapter  4) 


g  =  1.7£-ixu,  g  =  1.7(0.51 4)-’14  =  2.1 4  m2 /kg 
gf  =  (2.14gm2/kg)(0.1  x  10“3m)(1.6  x  103kg/m3)  =  0.34 


■max 


Using  Equation  8.14, 


4  =  — (1  -  e“034)  =  0.85 
0.34 


Therefore,  only  85%  of  the  betas  escape  this  source.  Or,  if  this  effect  is  not  taken  into 
account,  the  source  strength  will  have  an  error  of  15%.* 


*  A  similar  calculation  off,  may  be  repeated  for  an  x-ray  or  a  neutron  source.  For  x-rays,  the  prob¬ 
ability  of  escape  for  neutrons,  it  is  e~a. 


J 


If  the  source  emits  monoenergetic  charged  particles,  essentially  all  the  particles  leave 
the  source  deposit  as  long  as  t<R,  where  R  =  range  of  the  particles.  In  practice,  the  sources 
for  monoenergetic  charged  particles  are  such  that  t<ZZR,  in  which  cas e,fa~  1.  Then  the 
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only  effect  of  the  source  deposit  is  an  energy  loss  for  the  particles  that  traverse  it  (see  also 
Chapter  13). 

8.3.2  Source  Backscattering  Factor  (fb) 

A  source  cannot  be  placed  in  mid-air.  It  is  always  deposited  on  a  material  that  is  called  source 
backing  or  source  support.  The  source  backing  is  usually  a  very  thin  material,  but  no  matter 
how  thin,  it  may  backscatter  particles  emitted  in  a 
direction  away  from  the  detector  (Figure  8.15).  To 
understand  the  effect  of  backscattering,  assume 
that  the  solid  angle  in  Figure  8.15  is  Q  =  10-2.  Also 
assume  that  all  the  particles  entering  the  detector 
are  counted,  self-absorption  is  zero,  and  there  is 
no  other  medium  that  might  absorb  or  scatter  the 
particles  except  the  source  backing. 

Particle  1  in  Figure  8.15  is  emitted  toward 
the  detector.  Particle  2  is  emitted  in  the  opposite 
direction.  Without  the  source  backing,  particle  2 
would  not  turn  back.  With  the  backing  material 
present,  there  is  a  possibility  that  particle  2  will 
have  scattering  interactions  there,  have  its  direc¬ 
tion  of  motion  changed,  and  enter  the  detector.  If 
the  counting  rate  is  r  =  100  counts  per  minute  and 
there  is  no  backscattering  of  particles  toward  the  detector,  the  strength  of  the  source  will 
be  correctly  determined  as 


FIGURE  8.15  The  source  backing  material  backscatters  particles  and 
necessitates  the  use  of  a  backscattering  factor  fb. 


r  100 

S  =  —  = - =  10,000  particles/ min 

Q.  10'2 

If  the  source  backing  backscatters  5%  of  the  particles,  the  counting  rate  will  become 
105  counts/min,  even  though  it  is  still  the  same  source  as  before.  If  source  backscattering  is 
not  taken  into  account,  the  source  strength  will  be  erroneously  determined  as 

r  105 

s  =  —  = - it  =  10,500  particles/ min 

Q  10^2 

To  correct  properly  for  this  effect,  a  source  backscattering  factor  (fh)  is  defined  by 

Number  of  particles  counted  with  source  backing 

— -  (8.15) 

Number  of  particles  counted  without  source  backing 

From  the  definition,  it  is  obvious  that 

2  >  fh  >  1 
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(a) 


z 


FIGURE  8.16  (a)  The 

backscattering  factor  fb  as 
a  function  of  thickness  b 
of  the  backing  material,  (b) 
The  saturation  backscat¬ 
tering  factor  as  a  function 
of  the  atomic  numberZof 
the  backing  material. 


In  the  example  discussed  above,  fb  =  1.05,  and  the  correct  strength  of  the  source  is 
r  105 

S  = - = - ~ - =  10,000  particles/ min 

Qfb  10“2  x  1.05 


The  backscattering  factor  is  important,  in  most  cases,  only  for  charged  particles.  It 
depends  on  three  variables: 

1.  Thickness  (b)  of  the  backing  material 

2.  Particle  kinetic  energy  ( T ) 

3.  Atomic  number  of  the  backing  material  (Z) 

The  dependence  of/,  on  thickness  b  is  shown  in  Figure  8.16.  As  b  — »  0 ,fb  — >  1,  which 
should  be  expected.  For  large  thicknesses,/;,  reaches  a  saturation  value,  which  should  also 
be  expected.  Since  charged  particles  have  a  definite  range,  there  is  a  maximum  distance 
they  can  travel  in  the  backing  material,  be  backscattered,  and  traverse  the  material  again  in 
the  opposite  direction.  Therefore,  an  upper  limit  for  that  thickness  is  b  =  Rl 2,  where  R  is  the 
range  of  the  particles.  Experiments  have  shown  that 

bs  =  ^(saturation)  =  0.2  R 


The  dependence  of  the  saturation  backscattering  factor  of  electrons  on  their  kinetic 
energy  T  and  the  atomic  number  of  the  backing  material  is  given  by  the  following  empirical 
equation,12’13  based  on  a  least-squares  fit  of  experimental  results: 


/*( sat)  =  1  + 


Z>iexp(-Z?2Z  bi) 

1  +  (bt  +  b5Z~b6)  a(b,~hlz) 


(8.16) 


where 


a  = 


T 
me 2 


and  the  constants  bt  for  i  =  1,  2, ...,  8  have  these  values: 


6,  =  1.1510.06  fc>5  =  15.7  ±  3.1 

b2  =  8.35  ±  0.25  b6=  1.59  ±0.07 

b 3  =  0.525  ±  0.02  b7  =  1 .56  ±  0.02 

b4  =  0.01 85  ±0.0019  bs  =  4.42  ±  0.1 8 


Figure  8.17  shows  the  change  of /,(sat)  versus  kinetic  energy  T  for  four  elements. 

A  backscattering  correction  should  be  applied  to  alpha  counting  in  2 n  detectors  (Figure 
8.8b).  It  has  been  determined14-16  that  the  number  of  backscattered  alphas  is  between  0% 
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and  5%,  depending  on  the  energy  of  the  alphas,  the  uniformity  of  the 
source,  and  the  atomic  number  of  the  material  forming  the  base  of  the 
counter. 

Correction  for  source  backscattering  is  accomplished  in  two  ways: 

1.  An  extremely  thin  backing  material  is  used  for  which  fb  ~  1. 
In  general,  a  low-Z  material  is  used,  for  example,  plastic,  if 
possible. 

2.  A  thick  backing  material  is  used,  for  which  the  saturation 
backscattering  factor  should  be  employed  for  correction  of  the 
data.  Use  of  saturation  backscattering  is  not  recommended  if 
the  energy  of  the  particles  is  to  be  determined. 

For  accurate  results,  the  backscattering  factor  should  be  mea¬ 
sured  for  the  actual  geometry  of  the  experiment. 


8.4  DETECTOR  EFFECTS  FIGURE  8.17  Backscattering  factor  as  a  func¬ 

tion  of  energy  for  C,  Al,  Cu,  and  Au.  Curves  were 
The  detector  may  affect  the  measurement  in  two  ways.  First,  if  the  obtained  using  Equation  8.16  for  electrons  only, 
source  is  located  outside  the  detector  (which  is  usually  the  case), 
the  particles  may  be  scattered  or  absorbed  by  the  detector  window. 

Second,  some  particles  may  enter  the  detector  and  not  produce  a  signal,  or  they  may  pro¬ 
duce  a  signal  with  a  pulse  height  lower  than  the  discriminator  threshold. 


8.4.1  Scattering  and  Absorption  due  to  the 
Window  of  the  Detector 

In  most  measurements,  the  source  is  located  outside  the  detector  (Figure  8.18).  The  radi¬ 
ation  must  penetrate  the  detector  window  to  have  a  chance  to  be  counted.  Interactions 
between  the  radiation  and  the  material  of  which  the  detector  window  is  made  may  scatter 
and/or  absorb  particles.  This  is  particularly  important  for  low-energy  |3  particles. 

Figure  8.18  shows  a  gas-filled  detector  and  a  source  of  radiation  placed  outside  it. 
Usually,  the  particles  enter  the  detector  through  a  window  made  of  a  very  thin  material 


FIGURE  8.18  The  window  of  the  detector  may  scatter  and/or  absorb  some  of  the  particles  emit¬ 
ted  by  the  source. 
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(such  as  glass,  mica,  or  thin  metal).  Looking  at  Figure  8.18,  most  of  the  particles,  like  par¬ 
ticle  1,  traverse  the  window  and  enter  the  counter.  But  there  is  a  possibility  that  a  particle, 
like  particle  2,  may  be  scattered  at  the  window  and  never  enter  the  counter.  Or,  it  may  be 
absorbed  by  the  material  of  the  window  (particle  3). 

In  the  case  of  scintillation  detectors,  the  window  consists  of  the  material  that  covers 
the  scintillator  and  makes  it  light-tight.  In  some  applications,  the  source  and  the  scintillator 
are  placed  in  a  light-tight  chamber,  thus  eliminating  the  effects  of  a  window. 

In  semiconductor  detectors,  the  window  consists  of  the  metallic  layer  covering  the 
front  face  of  the  detector  necessary  to  provide  an  ohmic  contact.  That  layer  is  extremely 
thin,  but  may  still  affect  measurements  of  alphas  and  heavier  charged  particles  because 
of  energy  loss  there. 

There  is  no  direct  way  to  correct  for  the  effect  of  the  window.  Commercial  detectors  are 
made  with  very  thin  windows  and  the  manufacturer  provides  information  about  material 
and  thickness.  The  investigator  should  examine  the  importance  of  the  window  effect  for 
the  particular  measurement  performed.  If  there  is  a  need  for  an  energy-loss  correction,  it 
is  applied  separately  to  the  energy  spectrum.  If,  however,  there  is  a  need  to  correct  for  the 
number  of  particles  stopped  by  the  window,  that  correction  is  incorporated  into  the  detec¬ 
tor  efficiency. 

8.4.2  Detector  Efficiency  (e) 

It  is  not  certain  that  a  particle  will  be  counted  when  it  enters  a  detector.  It  may,  depending 
on  the  type  and  energy  of  the  particle  and  type  and  size  of  detector,  go  through  without 
having  an  interaction  (particle  1  in  Figure  8.19);  it  may  produce  a  signal  so  small  it  is  impos¬ 
sible  to  record  with  the  available  electronic  instruments  (particle  3);  or,  it  may  be  prevented 
from  entering  the  detector  by  the  window  (particle  4).  In  Figure  8.19,  the  particle  with  the 
best  chance  of  being  detected  is  particle  2. 

The  quantity  that  gives  the  fraction  of  particles  being  detected  is  called  the  detector 
efficiency  e,  given  by 


Number  of  particles  recorded  per  unit  time 
Number  of  particles  impinging  upon  the  detector  per  unit  time 


(8.17) 


FIGURE  8.19  Particles  detected  are  those  that  interact  inside  the  detector  and  produce  a  pulse 
higher  than  the  discriminator  level. 
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The  detector  efficiency  depends  upon  the  following  parameters*: 

1.  Density  and  size  of  detector  material 

2.  Type  and  energy  of  radiation 

3.  Electronics 

8.4. 2.1  Effect  of  Density  and  Size  of  Detector  Material 

The  efficiency  of  a  detector  will  increase  if  the  probability  of  an  interaction  between  the  inci¬ 
dent  radiation  and  the  material  of  which  the  detector  is  made  increases.  That  probability 
increases  with  detector  size.  But  larger  size  is  of  limited  usefulness  because  the  background 
increases  proportionally  with  the  size  of  the  detector,  and  because  in  some  cases  it  is  practi¬ 
cally  impossible  to  make  large  detectors.  (Semiconductor  detectors  are  a  prime  example.) 

The  probability  of  interaction  per  unit  distance  traveled  is  proportional  to  the  density 
of  the  material.  The  density  of  solids  and  liquids  is  about  a  thousand  times  greater  than  the 
density  of  gases  at  normal  pressure  and  temperature.  Therefore,  other  things  being  equal, 
detectors  made  of  solid  or  liquid  material  are  more  efficient  than  those  using  gas. 

8.4. 2. 2  Effect  of  Type  and  Energy  of  Radiation 

Charged  particles  moving  through  matter  will  always  have  Coulomb  interactions  with 
the  electrons  and  nuclei  of  that  medium.  Since  the  probability  of  interaction  is  almost  a 
certainty,  the  efficiency  for  charged  particles  will  be  close  to  100%.  Indeed,  detectors  for 
charged  particles  have  an  efficiency  that  is  practically  100%,  regardless  of  their  size  or  the 
density  of  the  material  of  which  they  are  made.  For  charged  particles,  the  detector  efficiency 
is  practically  independent  of  particle  energy  except  for  very  low  energies,  when  the  particles 
may  be  stopped  by  the  detector  window. 

Charged  particles  have  a  definite  range.  Therefore,  it  is  possible  to  make  a  detector 
with  a  length  L  such  that  all  the  particles  will  stop  and  deposit  their  energy  in  the  counter. 
Obviously,  the  length  L  should  be  greater  than  R,  where  R  is  the  range  of  the  particles  in  the 
material  of  which  the  detector  is  made. 

Photons  and  neutrons  traversing  a  medium  show  an  exponential  attenuation  (see 
Chapter  4),  which  means  that  there  is  always  a  nonzero  probability  for  a  photon  or  a  neu¬ 
tron  to  traverse  any  thickness  of  material  without  an  interaction.  As  a  result  of  this  prop¬ 
erty,  detectors  for  photons  or  neutrons  have  efficiency  less  than  100%  regardless  of  detector 
size  and  energy  of  the  particle. 

8.4.2. 3  Effect  of  Electronics 

The  electronics  of  a  counting  setup  affects  the  counter  efficiency  indirectly.  If  a  particle 
interacts  in  the  detector  and  produces  a  signal,  that  particle  will  be  recorded  only  if  the 
signal  is  recorded.  The  signal  will  be  registered  if  it  is  higher  than  the  discriminator  level, 
which  is,  of  course,  determined  by  the  electronic  noise  of  the  counting  system.  Thus,  the 
counting  efficiency  may  increase  if  the  level  of  electronic  noise  is  decreased. 

As  an  example,  consider  a  counting  system  with  electronic  noise  such  that  the  discrim¬ 
inator  level  is  at  1  mV.  In  this  case,  only  pulses  higher  than  1  mV  will  be  counted;  therefore, 

*  In  gamma  spectroscopy,  several  other  efficiencies  are  being  used  in  addition  to  this  one  (see  Chapter  12). 
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particles  that  produce  pulses  lower  than  1  mV  will  not  be  recorded.  Assume  next  that  the 
preamplifier  or  the  amplifier  or  both  are  replaced  by  quieter  ones,  and  the  new  noise  level  is 
such  that  the  discriminator  level  can  be  set  at  0.8  mV.  Now,  pulses  as  low  as  0.8  mV  will  be 
registered,  more  particles  will  be  recorded,  and  hence  the  efficiency  of  the  counting  system 
increases. 

If  electronics  is  included  in  the  discussion,  it  is  the  efficiency  of  the  system  (detector 
plus  electronics)  that  is  considered  rather  than  the  efficiency  of  the  detector. 

8.4.3  Determination  of  Detector  Efficiency 

The  efficiency  of  a  detector  can  be  determined  either  by  measurement  or  by  calculation. 
Many  methods  have  been  used  for  the  measurement  of  detection  efficiency,17-19  but  the 
simplest  and  probably  the  most  accurate  is  the  method  of  using  a  calibrated  source,  that 
is,  a  source  of  known  strength.  In  Figure  8.19,  assume  that  the  source  is  a  monoenergetic 
point  isotropic  source  emitting  S  particles  per  second.  If  the  true  net  counting  rate  is  r 
counts  per  second,  the  solid  angle  is  Q.,  and  the  efficiency  is  8,  the  equation  giving  the 
efficiency  is 


e(£) 


r 

Q£(£)S 


(8.18) 


where  F=  fafb ...  is  a  combination  of  all  the  correction  factors  that  may  have  to  be  applied 
to  the  results.  Note  that  the  correction  factors  and  the  efficiency  depend  on  the  energy  of 
the  particle. 

Accurate  absolute  measurements  rely  on  measured  rather  than  calculated  efficiencies. 
Nevertheless,  an  efficiency  calculation  is  instructive  because  it  brings  forward  the  param¬ 
eters  that  are  important  for  this  concept.  For  this  reason,  two  cases  of  efficiency  calculation 

Consider  first  a  parallel  beam  of  pho¬ 
tons  of  energy  E  impinging  upon  a  detector 
of  thickness  L  (Figure  8.20).  The  probability 
that  a  photon  will  have  at  least  one  interac¬ 
tion  in  the  detector  is  1  —  where  |i(£) 

is  the  total  linear  attenuation  coefficient  of 
photons  with  energy  E  in  the  material  of 
which  the  detector  is  made.  If  one  interac¬ 
tion  is  enough  to  produce  a  detectable  pulse, 
the  efficiency  is 

-  e^L  (8.19) 

Equation  8.19  shows  the  dependence  of  e(£)  on 

1.  The  size  L  of  the  detector 

2.  The  photon  energy  (through  |i) 

3.  The  density  of  the  material  (through  p.) 


for  a  photon  detector  are  presented  below. 


FIGURE  8.20  A  parallel  beam  of  photons  going  through  a  detector  of 
length  (thickness)  L. 


e(£)  =  1 
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r 


EXAMPLE  8.3 


What  is  the  efficiency  of  a  50-mm-long  Nal(TI)  crystal  for  a  parallel  beam  of  (a)  2-MeV 
gammas  or  (b)  0.5-MeV  gammas? 

Answer 

a.  From  the  table  in  Appendix  D,  the  total  mass  attenuation  coefficient  for  2-MeV 
gammas  in  Nal(TI)  is  p  =  0.00412  m2/kg.  The  density  of  the  scintillator  is 
3.67  x  103  kg/m3.  Therefore,  Equation  8.19  gives 

e=  1  -  exp[-0. 00412  m2/kg(3.67  x  103  kg/m3)0.05  m] 

=  1  -  exp(-0.756)  =  0.53  =  53% 

b.  For  0.50-MeV  gammas,  p  =  0.00921  m2/kg.  Therefore, 


e=1  - exp[-0. 00921  m2/kg(3.67  x  103  kg/m3)0.05  m| 
=  1  -  exp(-1.69)  =  0.81  =81% 


J 


The  next  case  to  consider  is  that  of  a  point  isotropic  monoenergetic  source,  at  a  dis¬ 


tance  d  away  from  a  cylindrical  detector  of  length  L  and  radius  R  (see  Figure  8.21).  For 


photons  emitted  at  an  angle  0,  measured  from  the  axis  of  the  detector,  the  probability  of 
interaction  is  1-exp  [-p(£)r(0)]  and  the  probability  of  emission  between  angles  0  and  0  +  dQ 
is  (l/2)sin  0  dQ.  Assuming,  as  before,  that  one  interaction  is  enough  to  produce  a  detectable 
pulse,  the  efficiency  is  given  by 


(8.20) 


(5/2)  sin0  dQ 


o 


Equation  8.20  shows  that  the  efficiency  depends,  in  this  case,  not  only  on  L,  p,  and 
E,  but  also  on  the  source-detector  distance  and  the  radius  of  the  detector.  Therefore,  for 
a  point  isotropic  source,  the  calculated  efficiency  includes  the  geometry  factor.  Results 
obtained  by  numerically  integrating  Equation  8.20  are  given  in  Section  12.4.1,  where  the 
efficiency  of  gamma  detectors  is  discussed  in  greater  detail.  Many  graphs  and  tables  based 
on  Equation  8.20  can  be  found  in  Reference  20. 


d- 


L 


> 


<■ 


FIGURE  8.21  A  point  isotropic  photon  source  at  a  distance  d  away  from  a  cylindrical  detector. 
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Equations  8.19  and  8.20  probably  overestimate  efficiency  because  their  derivation 
was  based  on  the  assumption  that  a  single  interaction  of  the  incident  photon  in  the  detec¬ 
tor  will  produce  a  detectable  pulse.  This  is  not  necessarily  the  case.  A  better  way  to  cal¬ 
culate  efficiency  is  by  determining  the  energy  deposited  in  the  detector  as  a  result  of  all 
the  interactions  of  an  incident  particle.  Then  one  can  compute  the  number  of  recorded 
particles  based  on  the  minimum  energy  that  has  to  be  deposited  in  the  detector  in  order 
that  a  pulse  higher  than  the  discriminator  level  may  be  produced.  The  Monte  Carlo 
method,  which  is  ideal  for  such  calculations,  has  been  used  by  many  investigators11,21  for 
that  purpose. 

Efficiencies  of  neutron  detectors  are  calculated  by  methods  similar  to  those  used  for 
gammas.  Neutrons  are  detected  indirectly  through  gammas  or  charged  particles  produced 
by  reactions  of  nuclei  with  neutrons.  Thus,  the  neutron  detector  efficiency  is  essentially  the 
product  of  the  probability  of  a  neutron  interaction  with  the  probability  to  detect  the  prod¬ 
ucts  of  that  interaction  (see  Chapter  14). 

8.5  RELATIONSHIP  BETWEEN  COUNTING 
RATE  AND  SOURCE  STRENGTH 

Equation  8.18  rewritten  in  terms  of  the  true  net  counting  rate  r  gives  the  relationship 
between  r  and  the  source  strength: 


r=Qf£5  (8.21) 

In  terms  of  gross  counts  G  obtained  over  time  tG  and  background  count  B  obtained 
over  time  tB,  the  true  net  counting  rate  (Equation  2.113)  is 


Gltg  B 
1  —  (G/£g)t  £B 


(8.22) 


where  x  is  the  detector  dead  time.  Usually,  the  objective  of  the  measurement  is  to  obtain  the 
source  strength  S  using  a  detection  system  of  known  Q,  F,  and  £.  Combining  Equations  8.21 
and  8.22,  the  source  strength  becomes 


QFe 


1  ' 
QFe  , 


G!tG 

1  —  (G/£g)t 


B 

t B  j 


(8.23) 


The  error  in  the  value  of  S  is  due  to  errors  in  the  values  of  £2,  F,  £,  and  the  statistical 
error  of  r.  In  many  cases  encountered  in  practice,  the  predominant  error  is  that  of  r.  Then 
one  obtains,  from  Equation  8.23, 


Qs  _  o> 

S  ~  r 

That  is,  the  percent  error  of  S  is  equal  to  the  percent  error  of  the  true  net  counting 
rate  r. 
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EXAMPLE  8.4 

The  geometric  setup  shown  in  Figure  8.22  was  used  for  the  measurement  of  the  strength  of  the  radioactive  source. 
The  following  data  were  obtained: 


G  =  6000 

6  =  400 

x  =  1 00  (xs 

e  =  0.60  ±  0.005 

tG=  10  min 

ffl=  10  min 

F=  1  ±0.001 

What  is  the  strength  5  and  its  standard  error? 

Answer 

The  true  net  counting  rate  r  is 

6000/10  400  _  6000/10 

r  ~  1-16000  x  10  x(10“6/10x  60)]  10  ”  0.999 

=  600.6  -  40  =  561  counts/min 


The  standard  error  of  r  is  (Equation  2.114) 


,Jf  1  T%+~° 

7  ^1  -  (C/tc)T  J  tb  tl 


If  1  V  6000 

VL  0.999  J  100 


-  =  8  counts/min 

100 


Therefore, 


The  solid  angle  is 


a  = 


1  - 


=  0.0097 


FIGURE  8.22  Geometry  assumed  in 
Example  8.4. 


Using  Equation  8.23, 


r  _  561 

nfe  ""  (0.0097X0.60) 


96,392  particles/min 


The  standard  error  of  5  is  (Section  2.15.1) 


G_s_ 

S 


=  ,  (i.4  x  i  o~zy  + 


0.001 

1 


0.005 

0.60 


1.7  x  10“2  =  1.7% 


J 
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8.6  REFERENCE  MATERIALS  FOR  RELATIVE 
AND  ABSOLUTE  MEASUREMENTS 

While  mathematical  descriptions  of  relative  and  absolute  measurements  are  very  useful  in 
understanding  geometrical  source  and  detector  effects  for  various  radiation  sources,  the 
use  of  standards  is  imperative  to  establish  the  credentials  of  any  laboratory.  Nowadays, 
no  analytical  laboratory  can  distribute  or  publish  results  without  stringent  quality  con¬ 
trol  (QC)  procedures.  QC  is  the  methodology  that  each  laboratory  undertakes  to  ascertain 
that  the  measurements  obtained  are  accurate  within  acceptable  errors  for  any  particular 
procedure.  In  essence,  it  is  a  blind  test  to  assure  accuracy.  The  International  Organization 
for  Standardization  (http://www.iso.org/iso/home.html)  has  been  at  the  forefront  of  setting 
guidelines  for  laboratories  to  formalize  procedures  to  attain  the  highest  possible  QC.  In 
the  past  two  decades,  there  has  been  a  lot  of  research  in  the  development  of  standard  and 
certified  reference  materials  to  ensure  QC  in  both  relative  and  absolute  measurements. 
Institutions  such  as  the  U.S.  National  Institute  of  Science  and  Technology  (NIST),  U.S. 
New  Brunswick  Laboratory,  British  Nuclear  Physics  Laboratory  (NPL),  European  Institute 
for  Reference  Materials  and  Measurements  (IRMM),  International  Atomic  Energy  Agency 
(IAEA),  and  the  Japan  National  Institute  of  Technology  and  Evaluation  (NITE)  have  a  very 
wide  range  of  natural  and  artificially  produced  radioactivity  standards  for  alpha,  beta,  and 
gamma  measurements. 

There  are  many  published  works  on  the  intercomparisons  of  ionizing  radiation  stan¬ 
dards,22  preparation  and  analysis  of  226Ra-222Rn  emanation  standards  for  calibrating  passive 
radon  detectors,23  accreditation  for  the  radioactivity  metrology,24  a  procedure  for  the  stan¬ 
dardization  of  gamma  reference  sources  for  quality  assurance  in  activity  measurements  of 
radiopharmaceuticals,25  and  the  preparation  of  a  soil  reference  material  for  the  determina¬ 
tion  of  radionuclides.26  A  more  practical  application  of  such  reference  sources  is  presented 
in  Chapter  12  in  the  section  on  efficiency  of  x-ray  and  y-ray  detectors. 
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PROBLEMS 

8.1  Show  that  if  RJd  <  1  and  RJd  <  1,  the  solid  angle  between  two  parallel  disks  with 

radii  Rd  and  Rs  a  distance  d  apart  is  given  to  a  good  approximation  by 


Q  = 


co 


i  3-2  2\  15 

1 - (\ir  +  co  )  +  — 

4  Y  8 


/  4  4 

VI  +  CO  22 
— - +  \\l CO 


35 

16 


\|/6  +  co6  3 


V 


+  —  \|/  CO  (\|/  +  CO  ) 
4  2  Y  Y 


where  \|/  =  RJd  and  co  =  RJd. 

8.2  Show  that  an  approximate  expression  for  the  solid  angle  between  two  nonparallel 
disks  is 


Q.  = 


co 


1  -  —  [(\|/2  +  co2)(l  +  sin2  0)^| 


15 


CO  +\1/  2  2  l( \  1  2  ^2 

- —  +  VI co  +  V1T  1  +  —CO  +  —VI 

3  l  4  3 


where  0  is  the  angle  between  the  planes  of  the  two  disks,  and  \|/  and  co  are  defined 
as  in  Problem  8.1. 

8.3  Show  that  the  solid  angle  between  a  disk  source  and  a  detector  with  a  rectangular 
aperture  is  given,  approximately,  by  Equation  8.13  under  the  conditions  given  in 
Section  8.2.6. 

8.4  A  1-mCi  point  isotropic  gamma  source  is  located  0.10  m  away  from  a  60°  spherical 
shell  of  a  Nal  detector,  as  shown  in  the  figure  below.  Assuming  that  all  the  pulses 
at  the  output  of  the  photomultiplier  tube  are  counted,  what  is  the  counting  rate  of 
the  scaler?  The  gamma  energy  is  1.25  MeV. 


8.5  A  hemispherical  detector  is  used  to  count  betas  with  an  efficiency  of  95%.  The  sat¬ 
uration  backscattering  factor  has  been  determined  to  be  1.5  and  the  background 
is  known  to  be  35  ±  2  counts/min.  If  4200  counts  are  recorded  in  2  min  with  the 
source  present,  what  is  the  strength  of  this  source  in  Bq  and  Ci?  The  dead  time  of 
the  detector  is  estimated  to  be  50  ps. 

8.6  Calculate  the  counting  rate  for  the  case  shown  in  the  figure  below. 
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The  source  has  the  shape  of  a  ring  and  emits  106  part/s  isotopically.  The  back¬ 
ground  is  zero.  The  detector  efficiency  is  80%,  and  F=  1. 

8.7  Calculate  the  self-absorption  factor  for  a  14C  source  that  has  a  thickness  of  10  pg/ 
cm2  (1CP4  kg/m2);  £max  =  i56  keV. 

8.8  An  attempt  was  made  to  measure  the  backscattering  factor  by  placing  foils  of 
continuously  increasing  thickness  behind  the  source  and  observing  the  change  in 
the  counting  rate.  The  foils  were  of  the  same  material  as  the  source  backing.  The 
results  of  the  measurements  are  given  in  the  table  below.  Calculate  the  saturation 
backscattering  factor  and  the  source  backscattering  factor. 


Thickness  behind  Source  (mm) 

Counting  Rate  (Counts/min) 

0.1  (Source  backing  only) 

3015 

0.15 

3155 

0.2 

3365 

0.25 

3400 

0.3 

3420 

0.35 

3430 

0.4 

3430 

8.9  What  is  the  counting  rate  in  a  detector  with  a  rectangular  aperture  measuring 
1  mm  x  40  mm,  if  a  1-mCi  gamma-ray  point  isotropic  source  is  0.10  m  away?  The 
efficiency  of  the  detector  for  these  gammas  is  65%. 

8.10  A  radioactive  source  emits  electrons  isotropically  at  the  rate  of  104  electrons/s.  A 
plastic  scintillator  having  the  shape  of  a  cylindrical  disk  with  a  25  mm  radius  is 
located  120  mm  away  from  the  source.  The  efficiency  of  the  detector  for  these  elec¬ 
trons  is  95%.  The  backscattering  factor  is  1.02,  and  the  source  self-absorption  fac¬ 
tor  is  0.98.  Dead  time  of  the  counting  system  is  5  ps.  How  long  should  one  count, 
under  these  conditions,  to  obtain  the  strength  of  the  source  with  a  standard  error 
of  5%?  Background  is  negligible.  The  only  error  involved  is  that  due  to  counting 
statistics. 

8.11  How  would  the  result  of  Problem  8.10  change  if  the  backscattering  factor  was 
known  with  an  error  of  ±1%,  the  efficiency  with  an  error  of  ±0.5%,  and  the  source 
self- absorption  factor  with  an  error  of  ±1%? 

8.12  Using  Equation  8.20  compute  the  detector  efficiency  in  the  energy  range  of 
100  keV-3  MeV,  assuming  the  following:  The  detector  is  Nal(Tl),  2"  in  diameter 
and  2"  long.  The  point  isotropic  source  of  photons  is  placed  25  cm  from  the  front 
face  of  the  detector. 

8.13  Calculate  the  strength  of  a  point  isotropic  radioactive  source  if  it  is  given  that  the 
gross  counting  rate  is  200  counts/min,  the  background  counting  rate  is  25  counts/ 
min,  the  efficiency  is  0.90,  the  source-detector  distance  is  0.15  m,  and  the  detector 
aperture  has  a  radius  of  20  mm  (F=  1).  What  is  the  standard  error  of  the  results 
if  the  error  of  the  gross  counting  rate  is  known  with  an  accuracy  of  ±5%  and  the 
background  with  +3%?  Dead  time  is  1  ps. 

8.14  A  point  isotropic  source  is  located  at  the  center  of  a  hemispherical  2n  detector.  The 
efficiency  of  this  detector  for  the  particles  emitted  by  the  source  is  85%.  The  satura¬ 
tion  backscattering  factor  is  1.5.  The  background  is  25  ±  1  counts/min.  What  is  the 
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strength  of  the  source  if  3000  counts  are  recorded  in  1  min?  What  is  the  standard 
error  of  this  measurement? 

8.15  What  is  the  activity  of  a  sample  (in  Bq  and  Ci)  and  its  standard  error,  under  the 
following  conditions?  The  sample  gave  80,000  counts  in  2  min.  The  background 
was  determined  by  performing  two  measurements,  each  for  5  min,  with  the  result 
3500  and  3750  counts,  respectively.  For  the  counting  system  assume:  Dead  time 
150  ps;  efficiency  43%  ±  2.5%  (error  is  %  of  43);  backscattering  factor  =  1.15;  source 
self-absorption  factor  =  0.93. 
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9.1  INTRODUCTION 

Spectroscopy  is  the  aspect  of  radiation  measurements  that  deals  with  measuring  the  energy 
distribution  of  particles  emitted  by  a  radioactive  source  or  produced  by  a  nuclear  reaction. 

This  introduction  to  spectroscopy  is  complemented  by  Chapters  11  through  14,  which 
present  details  on  spectroscopy  of  photons,  charged  particles,  and  neutrons.  This  chapter 
discusses  the  following  broad  subjects: 

1.  Definition  of  differential  and  integral  spectra 

2.  Energy  resolution  of  the  detector 

3.  Function  of  a  multichannel  analyzer  (MCA) 

9.2  DEFINITION  OF  ENERGY  SPECTRA 

A  particle  energy  spectrum  is  a  function  giving  the  distribution  of  particles  in  terms  of 
their  energy.  There  are  two  kinds  of  energy  spectra:  differential  and  integral. 

The  differential  energy  spectrum,  the  most  commonly  studied  distribution,  is  also  sim¬ 
ply  known  as  the  energy  spectrum.  It  is  a  function  n(E)  with  the  following  meaning: 

n(E)  dE  =  number  of  particles  with  energies  between  E  and  E  +  dE 
or 


n{E)  =  number  of  particles  per  unit  energy  interval  at  energy  E 

269 
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d  Eq  E  E  +  dE  E 


FIGURE  9.1  A  differen¬ 
tial  energy  spectrum.  The 
quantity  n(E)  dE  is  equal 
to  the  number  of  particles 
between  £  and  E  +  dE 
(cross-hatched  area). 


The  quantity  n(E)  dE  is  represented  by  the  cross-hatched  area  of  Figure  9.1. 

The  integral  energy  spectrum,  N(E),  gives  the  number  of  particles  over  a  certain  energy 
range.  The  hatched  area  in  Figure  9.1,  represented  mathematically  by 

N(E0)  =  jn(E)dE  (9.1) 

Eo 

gives  the  number  of  particles  having  energy  E  >  E0.  The  expression 

Eq 

N{E0)  =  J  n(E)dE  (9.1a) 

0 

gives  the  number  of  particles  having  energy  E  <  E0.  Finally,  the  expression 

El 

N(E1  <  E  <  E2)  =  J  n{E)dE  (9Tb) 

Ei 

gives  the  number  of  particles  having  energy  between  E1  and  E2. 

The  two  examples  that  follow  illustrate  the  relationship  between  a  differential  spec¬ 
trum  and  an  integral  spectrum. 


( - \ 

EXAMPLE  9.1 

Consider  a  monoenergetic  source  emitting  particles  with  energy  £0.  The  differential 
energy  spectrum  n(£)  is  shown  in  Figure  9.2.  Since  there  are  no  particles  with  energy 
different  from  £0,  the  value  of  n(E)  is  equal  to  zero  for  any  energy  other  than  E  =  £„. 

The  corresponding  integral  spectrum  N(E)  is  shown  in  Figure  9.3.  It  indicates  that 
there  are  no  particles  with  E  >  E0.  Furthermore,  the  value  of  N(E)  is  constant  for  E<E0, 
since  all  the  particles  have  energy  E0  and  only  those  particles  exist.  In  other  words, 

N{E0)  =  number  of  particles  with  energy  less  than  or  equal  to  E0  =  /V(£,)  =  N0 


No 

e? 

l 

s: 

l 

l 

l 

E,  £ 

E 

o  E0 


FIGURE  9.3  The  integral  spectrum  of  a 
FIGURE  9.2  A  monoenergetic  spec-  monoenergetic  source, 

trum.  All  particles  have  energy  £0. 

k _ > 


( - \ 

EXAMPLE  9.2 

Consider  the  energy  spectrum  shown  in  Figure  9.4.  According  to  this  spectrum,  there 
are  10  particles  per  MeV  at  11,  12,  and  13  MeV.  The  total  number  of  particles  is  30.  The 
integral  spectrum  is  shown  in  Figure  9.5.  Its  values  at  different  energies  are 
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A/(1 4)  =  0 

No  particles  above  energy  E  =  14  MeV 

N(13)  =  10 

10  particles  with  energy  E  =  13  MeV  or  higher 

N(12)  =  20 

20  particles  with  E  =  1 2  MeV  or  higher 

N(1 1)  =  30 

30  particles  with  E  =  1 1  MeV  or  higher 

N(10)  =  30 

30  particles  with  E  =  10  MeV  or  higher 

o 

II 

UJ 

o 

30  particles  with  energy  higher  than  E  =  0 

V 


FIGURE  9.4  The  energy  spectrum 
considered  in  Example  9.2. 


FIGURE  9.5  The  integral  spectrum  cor¬ 
responding  to  that  of  Figure  9.4. 

_ J 


The  determination  of  energy  spectra  is  based  on  the  measurement  of  pulse-height  spectra, 
as  shown  in  the  following  sections.  Therefore,  the  definitions  of  differential  and  integral  spec¬ 
tra  given  in  this  section  in  terms  of  energy  could  be  expressed  equivalently  in  terms  of  pulse 
height.  The  relationship  between  particle  energy  and  pulse  height  is  discussed  in  Section  9.5. 


9.3  MEASUREMENT  OF  AN  INTEGRAL  SPECTRUM 
WITH  A  DISCRIMINATOR 

Measurement  of  an  integral  spectrum  means  to  count  all  particles  that  have  energy  greater 
than  or  equal  to  a  certain  energy  £  or,  equivalently,  to  record  all  particles  that  produce  pulse 
height  greater  than  or  equal  to  a  certain  pulse  height  V.  A  device  is  needed  that  can  sort 
out  pulses  according  to  height.  Such  a  device  is  the  discriminator  (see  Section  1.5.8).  If  the 
discriminator  is  set  at  V0  volts,  all  pulses  with  height  less  than  V0  will  be  rejected,  while  all 
pulses  with  heights  above  V0  will  be  recorded.  Therefore,  a  single  discriminator  can  mea¬ 
sure  an  integral  energy  spectrum.  The  measurement  proceeds  as  follows. 

Consider  the  differential  pulse  spectrum  shown  in  Figure  9.6  for  which  all  pulses  have 
exactly  the  same  height  V0.  To  record  this  spectrum,  one  starts  with  the  discriminator 


N0 

g 


V,  V.A  V, 


■  V,  Volts 


FIGURE  9.6  A  differential  pulse  spectrum  consisting  of  pulses  with  the  same  height  V0. 


www.Ebook777.com 


272  Measurement  and  Detection  of  Radiation 


TABLE  9.1 

Measurement  of  Integral  Spectrum 

Discriminator  Threshold 

mv) 

V,  >  V/0 

0 

4 

0 

14 

0 

4  <4, 

No 

14 

No 

14 

No 

K<v0 

No 

threshold  set  very  high  (higher  than  V0)  and  then  lowers  the  threshold 
by  a  certain  amount  AV  (or  A E)  in  successive  steps.  Table  9.1  shows  the 
results  of  this  measurement,  where  N(V)  is  the  number  of  pulses  higher 
than  or  equal  to  Vi  A  plot  of  these  results  is  shown  in  Figure  9.7. 


9.4 


v,  v7  y6 

Discriminator  level 


FIGURE  9.7  The  integral  spectrum  corresponding  to  the 
pulse  spectrum  of  Figure  9.6. 


TABLE  9.2 

Measurement  of 
Differential  Spectrum 

SCA  Threshold 

n(  V)AV 

4  >14 

0 

4 

0 

4 

0 

4<4 

No 

4 

0 

Vi  <  14 

0 

MEASUREMENT  OF  A  DIFFERENTIAL 
SPECTRUM  WITH  A  SINGLE¬ 
CHANNEL  ANALYZER 

Measurement  of  a  differential  energy  spectrum  amounts 
to  the  determination  of  the  number  of  particles  within  a 
certain  energy  interval  A E  for  several  values  of  energy;  or, 
equivalently,  it  amounts  to  the  determination  of  the  num¬ 
ber  of  pulses  within  a  certain  interval  AV  for  several  pulse 
heights.  A  single-channel  analyzer  (SCA)  operating  in 
the  differential  mode  is  the  device  that  is  used  for  such  a 
measurement. 

If  the  lower  threshold  of  the  SCA  is  set  at  V1  (or  EJ  and 
the  window  has  a  width  AV  (or  A E),  then  only  pulses  with 
height  between  V1  and  V1  +  AV  are  recorded.  All  pulses  out¬ 
side  this  range  are  rejected.  To  measure  the  pulse  spectrum 
of  Figure  9.6,  one  starts  by  setting  the  lower  threshold  at  Vv 
where  V1  >  V0,  with  a  certain  window  AV  (e.g.,  AV  =  0.1  V) 
and  then  keeps  lowering  the  lower  threshold  of  the  SCA. 
Table  9.2  gives  the  results  of  the  measurement,  where  n{V )  AVis  the  number  of  pulses 
with  height  between  V  and  V  +  AV  Figure  9.8  shows  these  results.  It  is  assumed  that 
the  width  is  AV  =Vt  —  Vj+1,  where  V,  are  the  successive  settings  of  the  lower  threshold 
of  the  SCA.  It  is  important  to  note  that  one  never  measures  the  value  of  n{V)  but  only 
the  product  «(V)  AV 


9.5 


NJAV 


RELATIONSHIP  BETWEEN  PULSE-HEIGHT 
DISTRIBUTION  AND  ENERGY  SPECTRUM 

To  determine  the  energy  spectrum  of  particles  emitted  by  a 
source,  one  measures,  with  the  help  of  a  detector  and  appropri¬ 
ate  electronics,  the  pulse-height  distribution  produced  by  these 
particles.  Fundamental  requirements  for  the  detector  and  the 
electronics  are  as  follows: 


a 


Vf  V6  vs  vAv3  v2  VT 

Lower  threshold  of  the  SCA 

Vo 


FIGURE  9.8  A  differential  energy  spectrum  measured 
with  an  SCA. 


1.  The  particle  should  deposit  all  its  energy  or  a  known 
constant  fraction  of  it  in  the  detector. 

2.  The  voltage  pulse  produced  by  the  detector  should  be 
proportional  to  the  energy  of  the  particle  dissipated  in 
it,  or  a  known  relationship  should  exist  between  energy 
dissipated  and  pulse  height. 

3.  The  electronic  amplification  should  be  the  same  for  all 
pulse  heights. 
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Since  the  relationship  between  pulse-height  distribution  and  energy  spectrum  depends 
on  these  three  requirements,  it  is  important  to  discuss  them  in  some  detail. 

Charged  particles  deposit  all  their  energy  in  the  detector,  as  long  as  their  range  is 
shorter  than  the  size  of  the  detector.  Gammas  do  not  necessarily  deposit  all  their  energy 
in  the  detector,  regardless  of  detector  size.  Neutrons  are  detected  indirectly  through 
other  particles  produced  by  nuclear  reactions.  The  energy  deposited  in  the  detector 
depends  not  only  on  the  energy  of  the  neutron  but  also  on  the  energy  and  type  of  the 
reaction  products. 

The  events  that  transform  the  particle  energy  into  a  voltage  pulse  are  statistical  in  nature. 
As  a  result,  even  if  all  the  particles  deposit  exactly  the  same  energy  in  the  detector,  and  the 
amplification  is  the  same  for  all  pulses,  the  output  pulses  will  not  be  the  same  but  they  will 
have  a  certain  distribution. 

The  state  of  commercial  electronics  is  such  that  the  amplification  is  essentially  the 
same  for  all  pulse  heights  (see  also  Section  10.11). 

As  a  result  of  incomplete  energy  deposition  and  the  statistical  nature  of  the  events  that 
take  place  in  the  detector,  the  shape  of  the  pulse-height  distribution  is  different  from  that 
of  the  source  energy  spectrum.  In  other  words,  two  spectra  are  involved  in  every  measure¬ 
ment  as  follows: 

1.  The  source  spectrum-.  This  is  the  energy  spectrum  of  particles  emitted  by  the 
source. 

2.  The  measured  spectrum-.  This  is  the  measured  pulse-height  distribution. 

Consider,  for  example,  the  measured  pulse-height  distribution  shown  in  Figure  9.9b 
produced  by  a  monoenergetic  gamma  source.  This  distribution  (or  spectrum)  is  obtained 
using  a  scintillation  counter.  The  observer  records  the  data  shown  in  Figure  9.9b,  which 
is  different  from  that  of  the  source  energy  spectrum  shown  in  Figure  9.9a.  The  objective 
of  the  measurement  is  to  obtain  the  spectrum  of  Figure  9.9a,  but  the  observer  actually 
measures  the  distribution  shown  in  Figure  9.9b.  The  task  of  the  observer  is,  therefore, 
to  apply  appropriate  corrections  to  the  measured  spectrum  to  finally  obtain  the  source 
spectrum. 


9.6  ENERGY  RESOLUTION  OF  A  DETECTION  SYSTEM 

The  quality  of  the  performance  of  a  detection  system  used  for  energy  measurements  is 
characterized  by  the  width  of  the  pulse-height  distribution  obtained  with  particles  of  the 
same  energy  (monoenergetic  source).  Even  in  the  case  where  each  particle  deposits  exactly 
the  same  energy  in  the  detector,  the  pulse-height  distribution  will  not  be  a  single  line  (like 
that  shown  in  Figure  9.9a);  instead,  it  will  have  a  certain  finite  width  (Figure  9.10)  due  to  the 
following: 

1.  Statistical  fluctuations  in  the  number  of  charge  carriers  produced  in  the  detector 

2.  Electronic  noise  in  the  detector  itself,  the  preamplifier,  and  the  amplifier 

3.  Incomplete  collection  of  the  charge  produced  in  the  detector 

The  width,  measured  at  half  of  the  maximum  of  the  bell-shaped  curve,  is  indicated  by  T 
or  by  FWHM,  the  initials  of  full  width  at  half  maximum.  The  ability  of  a  detector  to  identify 


(a) 

g 

s: 


(b) 


FIGURE  9.9  (a)  The 
source  energy  spectrum 
of  a  monoenergetic 
gamma  source,  (b)  The 
pulse-height  distribution 
obtained  with  a  Nal(TI) 
scintillation  counter. 
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FIGURE  9.10  The  energy  resolution  of  the  detector  is 
given  by  the  width  r  or  the  ratio  r/£0. 


particles  of  different  energies,  called  the  energy  resolution,  is 
given  either  in  terms  of  T  or  in  terms,  for  an  energy  E0,  of  the 
ratio  R{E0),  where 

R(E0)  =  f-  (9.2) 

-to 

The  width  T  is  given  in  energy  units,  while  the  ratio 
R(E0)  is  given  as  a  percentage. 

The  most  important  elements  affecting  the  energy  reso¬ 
lution  of  a  radiation  detection  system  are  the  three  statisti¬ 
cal  factors  mentioned  above  in  relation  to  the  width  E  It  is 
worth  repeating  that  in  energy  measurements  it  is  the  energy 
resolution  of  the  counting  system  (detector-preamplifier- 
amplifier)  that  is  the  important  quantity  and  not  the  energy 
resolution  of  just  the  detector. 


9.6.1  Effect  of  Statistical  Fluctuations:  Fano  Factor 

To  discuss  the  effect  of  the  statistical  fluctuations  on  energy  resolution,  consider  a  monoen- 
ergetic  source  of  charged  particles  being  detected  by  a  silicon  semiconductor  detector.  (The 
discussion  would  apply  to  a  gas-filled  detector  as  well.)  The  average  energy  w  needed  to 
produce  one  electron-hole  pair  in  silicon  is  3.66  eV,  although  the  energy  gap  (£  )  is  1.1  eV. 
This  difference  between  w  and  Eg  shows  that  part  of  the  energy  of  the  incident  particles  is 
dissipated  into  processes  that  do  not  generate  charge  carriers.  Any  process  that  consumes 
energy  without  producing  electron-hole  pairs  is,  of  course,  useless  to  the  generation  of  the 
detector  signal.  If  the  energy  deposited  in  the  detector  is  E,  the  average  number  of  charge 
carriers  is  E/w.  If  the  process  of  the  electron-hole  generation  were  purely  statistical,  Poisson 
statistics  would  apply  and  the  standard  deviation  of  the  number  of  pairs  would  be 


Experience  has  shown  that  the  fluctuations  are  smaller  than  what  Equation  9.3  gives. 
The  observed  statistical  fluctuations  are  expressed  in  terms  of  the  Fano  factor  F,1  where 

[Actual  standard  deviation  of  the  number  of  pairs  produced]2 

F  = - 

Number  of  pairs  produced 


or,  using  Equation  9.3, 


a  = 


(9.4) 


The  two  extreme  values  of  Fare  0  and  1. 
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F  =  0  means  that  there  are  no  statistical  fluctuations  in  the  number  of  pairs  produced. 
That  would  be  the  case  if  all  the  energy  was  used  for  the  production  of  charge  carriers.  F  =  1 
means  that  the  number  of  pairs  produced  is  governed  by  Poisson  statistics. 

Fano  factors  have  been  calculated  and  also  measured.2-7  For  semiconductor  detectors, 
F  values  as  low  as  0.06  have  been  reported.8  For  gas-filled  detectors,  reported  F  values  lie 
between  0.2  and  0.5.  Values  of  F  <  1  mean  that  the  generation  of  the  charge  carriers  does 
not  exactly  follow  Poisson  statistics.  Since  Poisson  statistics  applies  to  outcomes  that  are 
independent,  it  seems  that  the  ionization  events  in  a  counter  are  interdependent. 

The  width  T  of  a  Gaussian  distribution,  such  as  that  shown  in  Figure  9.10,  is  related  to 
the  standard  deviation  o  by  (Equation  2.63) 

Yd  =  2^j2ln2wa  ~  2.355wo  (9.5) 


Combining  Equations  9.4  and  9.5, 

Td  =  2^2(ln2)wFE 


(9.6) 


Equation  9.6  shows  that  the  width  Yf,  which  is  due  to  the  statistical  fluctuations,  is 
roughly  proportional  to  the  square  root  of  the  energy  (the  Fano  factor  is  a  weak  function 
of  energy). 

To  compare  the  contribution  of  the  statistical  fluctuations  to  the  resolution  of  differ¬ 
ent  types  of  detectors  at  a  certain  energy,  one  can  use  Equations  9.2  and  9.6  and  write  for 
detectors  1  and  2 


i?i  _  YJE  _  jw 
1?2  Y2/F  \  W2F2 


(9.7) 


It  can  be  seen  from  Equation  9.7  that  the  resolution  is  better  for  the  detector  with 
the  smaller  average  energy  needed  for  the  creation  of  a  charge  carrier  pair  (and  smaller 
Fano  factor).  Thus,  the  energy  resolution  of  a  semiconductor  detector  (w  ~  3  eV,  F<  0.1) 
should  be  expected  to  be  much  better  than  the  resolution  of  a  gas-filled  detector  (w  ~  30  eV, 
F  ~  0.2),  and  indeed  it  is  (see  Chapters  12  and  13).  Some  recent  work  in  the  determination 
of  the  Fano  factor  involving  signal  summation,  Monte  Carlo  simulation,  and  so  on  can  be 
found  in  References  9  through  13. 


9.6.2  Effect  of  Electronic  Noise  on  Energy  Resolution 

The  electronic  noise  consists  of  a  small  voltage  variation  around  the  zero  line  (Figure  9.11), 
with  average  voltage  x>n  ^  0.  To  see  the  effect  of  the  noise  on  the  energy  resolution,  consider 
pulses  of  constant  height  V  In  the  absence  of  noise,  the  FWHM  of  the  distribution  of  these 
pulses  is  zero.  If  noise  is  present,  the  noise  voltage  variation  (noise  pulse)  will  be  superim¬ 
posed  on  the  pulse  produced  by  the  particle  with  the  result  that  the  recorded  pulses  are 
not  of  equal  height  anymore  (Figure  9.12),  and  that  the  pulses  form  a  Gaussian  distribution 


Time 


FIGURE  9.11  The  elec¬ 
tronic  noise. 
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FIGURE  9.12  (a)  The  pulses  are  superimposed  on  the  noise,  as  a  result  of  which  (b)  they  show  a 

distribution  with  a  width  that  depends  on  the  standard  deviation  of  the  noise. 


centered  at  V and  having  a  width  equal  to  Tn  =  2%/2ln2 on.  The  width  Tn  is  due  to  the  noise 
only  and  has  nothing  to  do  with  statistical  effects  in  the  detector. 

The  signal-to-noise  ratio  is  frequently  the  quantity  used  to  indicate  the  magnitude  of 
the  noise.  It  is  defined  by 


Mean  pulse  height  y 

Signal-to-noise  ratio  = - =  — 

Noise  standard  deviation  on 


Or,  one  can  write 


V  i - V 

—  =  2V21n2  — 

On  T„ 


2^/2\n2 

R 


(9.8) 


where  R  is  given  by  Equation  9.2.  This  last  equation  may  be  rewritten  as 

_  2^2  In  2 

VI  On 


(9.8a) 


to  show  that  the  higher  the  signal-to-noise  ratio  is,  the  better  the  resolution  becomes  (other 
things  being  equal,  of  course). 

9.6.3  Effect  of  Incomplete  Charge  Collection 

The  effect  of  incomplete  charge  collection  in  gas-filled  detectors  is  small  compared  to  the 
effect  of  the  statistical  fluctuations.  In  semiconductor  detectors,  incomplete  charge  col¬ 
lection  is  due  to  trapping  of  the  charge  carriers.  The  amount  of  charge  trapped  is  approxi¬ 
mately  proportional  to  the  energy  deposited  in  the  detector,  which,  in  turn,  is  proportional 
to  the  energy  of  the  incident  particles.14  For  this  reason,  the  resolution  is  affected  by  trap¬ 
ping  effects  more  at  high  energy  than  at  low  energy.  As  discussed  in  Chapter  7,  trapping 
effects  depend  on  the  material  of  which  the  detector  is  made  and  on  radiation  damage  suf¬ 
fered  by  the  semiconductor. 

Usually,  the  effect  of  incomplete  charge  collection  is  included  in  the  statistical  fluctua¬ 
tions  (i.e.,  in  the  width  T)). 


www.Ebook777.com 


Introduction  to  Spectroscopy  277 


9.6.4  Total  Width  T 

The  total  width  T  (or  the  total  energy  resolution)  is  obtained  by  adding  in  quadrature  the 
contributions  from  the  statistical  effects  (T})  and  from  the  noise  and  incomplete  charge  col¬ 
lection  (r„).  Thus, 


r=yjr2d+r2„  (9.9) 

For  gas-filled  and  scintillation  detectors,  the  main  contribution  comes  from  statistical 
fluctuations.  For  semiconductor  detectors  at  low  energies,  measurements  have  shown  that 
r„  >  Td.  At  higher  energies,  this  is  reversed,  since  Vn  is  essentially  independent  of  energy 
while  Td  increases  with  it  (see  Equation  9.6). 

9.7  DETERMINATION  OF  THE  ENERGY  RESOLUTION: 

THE  RESPONSE  FUNCTION 

Depending  on  the  type  and  energy  of  the  incident  particle  and  the  type  of  the  detector,  a 
monoenergetic  source  produces  a  pulse-height  distribution  that  may  be  a  Gaussian  (Figure 
9.10)  or  a  more  complicated  function  (Figure  9.9b).  In  either  case,  one  concludes  that 
although  all  the  particles  start  at  the  source  with  the  same  energy,  there  is  a  probability  that 
they  may  be  recorded  within  a  range  of  energies.  That  probability  is  given  by  the  response 
function  or  energy  resolution  function  R{E,  E')  of  the  detection  system,  defined  as 

R(E,  £')  dE  =  probability  that  a  particle  emitted  by  the  source  with  energy  E'  will  be 
recorded  with  energy  between  E  and  E  +  dE 

One  measures,  of  course,  a  pulse-height  distribution,  but  the  energy  calibration  of  the 
system  provides  a  one-to-one  correspondence  between  energy  and  pulse  height.  If  one 
defines 

S(E)  dE  =  source  spectrum 

=  number  of  particles  emitted  by  the  source  with  energy  between  E  and 
E  +  dE 

and 


M(E)  dE  =  measured  spectrum 

=  number  of  particles  recorded  as  having  energy  between  E  and  E  +  dE 
then  the  three  functions  R{E,  E'),  S{E),  and  M(E)  are  related  by 


M(E)  =  J  R(E,  E')S(E')  dE'  (9.10) 

0 

Equation  9.10  is  an  integral  equation  with  the  source  spectrum  S(E)  being  the  unknown. 
The  procedure  by  which  S(E)  is  obtained,  after  R{E,  E')  and  M(E)  have  been  determined, 
is  called  unfolding  of  the  measured  spectrum.  Methods  of  unfolding  are  discussed  in 
Chapters  11  through  14. 
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FIGURE  9.1 3  Four  examples  of  response  func¬ 
tions:  (a)  5-MeV  alpha  particles  detected  by  a  silicon 
surface  barrier  detector  (Chapter  12),  or  20-keV  x-rays 
detected  by  a  Si(Li)  reactor  (Chapter  1 1 ).  (b)  1  -MeV 
gamma  ray  detected  by  a  Nal(TI)  crystal  (Chapter  11). 
(c)  1 -MeV  electrons  detected  by  a  plastic  scintillator 
(Chapter  1 2).  (d)  5-MeV  neutrons  detected  by  an  NE 
213  organic  scintillator  (Chapter  1 3). 


To  determine  the  response  function  of  a  detection  system  at 
energy  E,  the  energy  spectrum  of  a  monoenergetic  source  emit¬ 
ting  particles  with  that  energy  is  recorded.  Since  the  resolution 
changes  with  energy,  the  measurement  is  repeated  using  several 
sources  spanning  the  energy  range  of  interest.  The  response  func¬ 
tion  can  also  be  calculated,  as  shown  in  Chapters  12  through 
14.  Figure  9.13  shows  response  functions  for  several  commonly 
encountered  cases. 

9.8  IMPORTANCE  OF  GOOD  ENERGY 
RESOLUTION 

Regardless  of  the  type  of  particle  or  photon  interaction,  the  impor¬ 
tance  of  good  energy  resolution  becomes  obvious  if  the  energy 
spectrum  to  be  measured  consists  of  several  discrete  energies. 
Consider  as  an  example  the  source  spectrum  of  Figure  9.14,  con¬ 
sisting  of  two  energies  E1  and  E2.  Assume  that  this  spectrum  is 
measured  with  a  system  having  energy  resolution  equal  to  T,'  and 
examine  the  following  cases: 

Case  I:  E2-  E2>  2 E  The  measured  spectrum  is  shown  in  Figure 
9.15  for  this  case.  The  system  can  resolve  the  two  peaks— that 
is,  the  two  peaks  can  be  identified  as  two  separate  energies. 

Case  II:  E2-  E2  =  2T.  This  case  is  shown  in  Figure  9.16.  The  peaks 
can  still  be  resolved. 

Case  III:  E2  —  E2-  V.  This  case  is  shown  in  Figure  9.17.  The  solid 
line  shows  how  the  measured  spectrum  will  look  as  the  sum  of 
the  two  peaks  (dashed  lines). 

It  is  obvious  that  it  is  difficult  to  identify  two  distinct  peaks  if 
E2-  E±  =  r,  and  the  situation  will  be  worse  if  E2  —  Ex<  T. 

The  three  cases  examined  above  intend  to  show  how  impor¬ 
tant  good  energy  resolution  is  for  the  measurement  of  spectra  with 
many  energy  peaks.  If  the  response  function  of  the  detector  is  not 
known  and  the  measured  spectrum  shows  no  well-identified  peaks, 
the  following  criterion  is  used  for  the  energy  resolution  required  to 
identify  the  peaks  of  about  equal  magnitude.  To  be  able  to  resolve 
two  energy  peaks  at  El  and  E2,  the  resolution  of  the  system  should 
be  such  that  T  <  \E2  -  E1 1. 


9.9  BRIEF  DESCRIPTION  OF  A  MULTICHANNEL  ANALYZER 

To  measure  an  energy  spectrum  of  a  radioactive  source  means  to  record  the  pulse-height 
distribution  produced  by  the  particles  emitted  from  the  source,  which  is  achieved  with  the 


*  r  may  be  different  at  E1  and  E2.  However,  the  difference  is  very  small  since  Ex  and  E2  are  close.  For  the  present 
discussion,  the  same  Y  will  be  used  at  E1  and  E2. 
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use  of  an  instrument  called  the  MCA.  MCAs  are  used  in  either  of  two  different  modes:  the 
pulse-height  analysis  (PHA)  mode  or  the  multichannel  scaling  (MCS)  mode. 

The  MCS  mode  is  used  to  count  events  as  a  function  of  time.  The  individual  channels  of 
the  memory  count  all  incoming  pulses  for  a  preset  time  width  At.  After  time  At,  the  counting 
operation  is  switched  automatically  to  the  next  channel  in  the  memory,  thus  producing  in 
the  end  a  time  sequence  of  the  radiation  being  detected.  For  example,  if  the  radiation  source 
is  a  short-lived  isotope,  the  MCS  mode  will  provide  the  exponential  decay  curve  that  can  be 
used  for  the  measurement  of  the  half-life  of  this  isotope.  The  MCS  mode  is  also  useful  for 
Mossbauer  experiments. 

The  PHA  mode  is  the  traditional  function  of  an  MCA  and  is  used  to  sort  out  incoming 
pulses  according  to  their  height  and  store  the  number  of  pulses  of  a  particular  height  in  a 
corresponding  address  of  the  MCA  memory  called  the  channel  number. 

In  the  PHA  mode,  an  MCA  performs  the  function  of  a  series  of  SCAs  placed  adjacent 
to  one  another.  When  only  one  SCA  with  width  A E  is  used,  the  experimenter  has  to  sweep 
the  spectrum  by  moving  the  lower  threshold  of  the  SCA  manually  (see  Section  9.4).  On  the 
other  hand,  if  one  had  many  SCAs,  all  counting  simultaneously,  the  whole  spectrum  would 
be  recorded  simultaneously. 

This  is  exactly  what  the  MCA  does,  although  its  principle  of  operation  is  not  based  on 
a  series  of  SCAs. 

Figure  9.18  shows  a  simplified  block  diagram  of  an  MCA.  In  the  PHA  mode,  the  incom¬ 
ing  pulse  enters  into  a  unit  called  the  analog-to-digital  converter  (ADC).  The  ADC  digi¬ 
tizes  the  pulse  amplitude:  it  produces  a  number  proportional  to  the  height  of  the  pulse,  a 
number  that  determines  the  channel  where  the  pulse  will  be  stored.  The  size  of  the  ADC, 
given  in  terms  of  channels,  defines  the  absolute  resolution  of  the  system.  Actually,  the  ADC 
determines  the  number  of  discrete  parts  into  which  the  pulse  height  can  be  subdivided. 
Commercial  ADCs  have  at  the  present  time  a  size  up  to  16,384  channels,  with  the  full  scale 
adjustable  in  steps  of  256,  512, 1024,  and  so  on  channels. 

The  number  of  discrete  parts  (channels)  into  which  the  input  pulse  range  (0  to  +10  V) 
is  divided  is  called  the  conversion  gain.  The  conversion  gain  is  set  by  a  stepwise  control 
knob  located  on  the  front  of  the  instrument.  As  an  example,  if  the  conversion  gain  is  set 
at  2048  channels,  it  means  that  the  maximum  pulse  height  (10  V)  is  divided  into  that 
many  parts.  Therefore,  the  resolution  of  the  MCA  at  this  setting  is 
10  V/2048  =  4.88  mV/channel. 

More  details  about  the  operation  and  characteristics  of  ADCs  are 
given  in  Section  10.12. 

The  memory  of  the  MCA  is  a  data-storage  unit  arranged  in  a 
series  of  channels.  Every  channel  is  capable  of  storing  up  to  220-l 
data  (pulses),  in  most  cases.  Normally,  the  MCA  provides  for  selec¬ 
tion  and  use  of  the  full  memory,  only  half  of  it,  or  one-fourth  of  it. 

Transfer  of  data  from  one  fraction  of  the  memory  to  another  is  also 
possible. 

In  the  PHA  mode,  the  first  channel  of  the  region  used  is  called 
channel  zero  and  records,  in  almost  all  late  model  MCAs,  the  live 
time  of  the  analysis,  in  seconds.  If  the  full  memory  or  the  first  half  or 
first  quarter  of  the  memory  is  used,  channel  zero  is  the  address  0000.  If  the  second  half  of 
4096  memory  is  used,  channel  zero  is  address  2048;  if  the  second  quarter  is  used,  channel 
zero  is  address  1024;  and  so  on. 


S 


FIGURE  9.14  Source 
spectrum  consisting  of 
two  distinct  energies. 


FIGURE  9.15  Measured 
spectrum  for  Case  I: 


spectrum  for  Case  I 
2T  =  E,  -  £, 


FIGURE  9.17 

r  =  E2-£,. 


Measured  spectrum  for  Case  I 
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ADC  input 


Input/Output  device 


FIGURE  9.18  Block  diagram  showing  the  components  of  a  typical  MCA  counting  system. 

How  does  one  determine  the  size  of  the  MCA  memory  needed  for  a  specific  experi¬ 
ment?  The  decision  is  made  based  on  the  requirements  for  the  PHA  mode.  One  equation 
frequently  used  is 


Energy  range  of  interest  (keV) 

Number  of  channels  =  h -  (9.11) 

T  (keV) 

where  T  is  the  FWHM  of  the  detector  used.  The  factor  h  is  equal  to  the  number  of  channels 
at  or  above  the  FWHM  of  the  peak.  Its  value  is  between  3  and  5. 

As  an  example,  assume  that  the  energy  range  of  interest  is  0-2.0  MeV  and  consider  a 
Nal(Tl)  and  a  Ge  detector.  The  resolution  of  the  Nal(Tl)  detector  is  about  50  keV.  Therefore, 
the  minimum  number  of  channels  is  ( h  =  5) 

5(^ir)  “  200  channels 

The  resolution  of  a  Ge  detector  is  about  2  keV.  Now,  the  number  of  channels  is 

5(  2^0  j  =  5000  channels 

The  user  should  remember  that  the  ADC,  not  the  memory,  determines  the  absolute 
resolution  of  an  MCA.  An  MCA  with  an  ADC  of  1000  channels  and  a  memory  of  2000 
channels  has  an  actual  resolution  of  only  1000  channels. 


www.Ebook777.com 


Introduction  to  Spectroscopy  281 


In  using  an  MCA  to  record  a  spectrum,  there  is  “dead  time”  involved,  which  is,  essen¬ 
tially,  the  time  it  takes  to  store  the  pulse  in  the  appropriate  channel.  That  time  depends  on 
and  increases  with  the  channel  number.  More  details  about  the  MCA  dead  time  are  given 
in  Section  10.12  in  connection  with  the  discussion  of  ADCs,  which  also  includes  the  newer 
zero  dead-time  correction  modules.  A  more  in-depth  description  of  such  modules  is  given 
in  Chapter  10. 

Commercial  MCAs  have  a  meter  that  shows,  during  counting,  the  percentage  of  dead 
time.  They  also  have  timers  that  determine  the  counting  period  in  live  time  or  clock  time. 
In  clock  time  mode,  the  counting  continues  for  as  long  as  the  clock  is  set  up.  In  live  time 
mode,  an  automatic  correction  for  dead  time  is  performed.  In  this  case,  the  percent  dead 
time  indication  can  be  used  to  determine  the  approximate  amount  of  actual  time  the 
counting  will  take.  For  example,  if  the  clock  is  set  to  count  for  5  min  (in  live  mode)  and 
the  dead  time  indicator  shows  25%,  the  approximate  actual  time  of  this  measurement  is 
going  to  be 


Live  time 

Actual  time  = - - - - - - - - 

1  -  (Deadtimefraction) 


300  s 
1  -  0.25 


=  400  s 


Modern  MCAs  can  do  much  more  than  just  store  pulses  in  memory.  They  are  comput¬ 
ers  that  may,  depending  on  the  hardware  and  software  available,  be  able  to 

1.  Perform  the  energy  calibration  of  the  system 

2.  Determine  the  energy  of  a  peak 

3.  Integrate  the  area  over  a  desired  range  of  channels 

4.  Identify  an  isotope,  based  on  the  energy  peaks  recorded,  and  so  forth 

9.10  CALIBRATION  OF  A  MULTICHANNEL  ANALYZER 

The  calibration  of  an  MCA  follows  these  steps: 

1.  Determination  of  range  of  energies  involved.  Assume  this  is  0  <  E  <  Em  (MeV). 

2.  Determination  of  preamplifier-amplifier  setting.  Using  a  source  that  emits  particles 
of  known  energy,  one  observes  the  signal  generated  on  the  screen  of  the  oscillo¬ 
scope.  It  should  be  kept  in  mind  that  the  maximum  possible  signal  at  the  output  of 
the  amplifier  is  10  V.  In  energy  spectrum  measurements,  one  should  try  to  stay  in 
the  range  0-9  V. 

Assume  that  the  particle  energy  iy  results  in  pulse  height  Vv  Is  this  amplification 
proper  for  obtaining  a  pulse  height  Vm  <  10  V  for  energy  Eml  To  find  this  out,  the 
observer  should  use  the  fact  that  pulse  height  and  particle  energy  are  proportional. 
Therefore, 


Vm 


Vy 

£l 


Vm 


E 

Ex 
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If  Vm  <  10  V,  then  the  amplification  setting  is  proper.  If  Vm  >  10  V,  the  amplifica¬ 
tion  should  be  reduced.  (If  Vm<2V,  amplification  should  be  increased.  It  is  good 
practice,  but  not  necessary,  to  use  the  full  range  of  allowed  voltage  pulses.)  The 
maximum  pulse  Vm  can  be  changed  by  changing  the  amplifier  setting. 

3.  Determination  of  MCA  settings.  One  first  decides  the  part  of  the  MCA  memory  to 
be  used,  that  is,  how  many  channels.  Calibration  of  energy  spectra  is  highly  depen¬ 
dent  on  the  range  of  energies  considered,  investigated  or  studied.  For  instance,  in 
alpha  spectrometry,  1024  channels  are  usually  adequate,  while  for  prompt  gamma 
activation  analysis,  the  full  16,384  channels  are  needed.  Assume  that  the  MCA  has 
a  1024-channel  memory  and  it  has  been  decided  to  use  256  channels,  one-fourth 
of  the  memory.  Also  assume  that  a  spectrum  of  a  known  source  with  energy  El  is 
recorded  and  that  the  peak  is  registered  in  channel  Q.  Will  the  energy  Em  be  regis¬ 
tered  in  Cm  <  256,  or  will  it  be  out  of  scale? 

The  channel  number  and  energy  are  almost  proportional,'  that  is,  £,  ~  Ct.  Therefore, 


Cm  __  Cy  £ 

F  F  ” 

J-'m 


If  Cm  <  256,  the  setting  is  proper  and  may  be  used.  If  Cm  >  256,  a  new  setting  should  be 
employed.  This  can  be  done  in  one  of  two  ways  or  a  combination  of  the  two: 

1.  The  fraction  of  the  memory  selected  may  be  changed.  One  may  use  512  channels  of 
1024,  instead  of  256. 

2.  The  conversion  gain  may  be  changed.  In  the  example  discussed  here,  if  a  peak 
is  recorded  in  channel  300  with  conversion  gain  of  1024,  that  same  peak  will  be 
recorded  in  channel  150  if  the  conversion  gain  is  switched  to  512. 

3.  There  are  analyzer  models  that  do  not  allow  change  of  conversion  gain.  For  such  an 
MCA,  if  Cm  is  greater  than  the  total  memory  of  the  instrument,  one  should  return 
to  step  2  and  decrease  Vm  by  reducing  the  gain  of  the  amplifier. 

4.  Determination  of  the  energy-channel  relationship.  Calibration  of  the  MCA  means 
finding  the  expression  that  relates  particle  energy  to  the  channel  where  a  particular 
energy  is  stored.  That  equation  is  written  in  the  form 

E  =  u1  +  u2C  +  a3C 2  +  •  •  •  (9.12) 

where  C  is  the  channel  number  and  av  a2,  a3, ...  are  constants. 

The  constants  av  a2,  a3, ...  are  determined  by  recording  spectra  of  sources  with  known 
energy.  In  principle,  one  needs  as  many  energies  as  there  are  constants.  In  practice,  a  large 
number  of  sources  is  recorded  with  energies  covering  the  whole  range  of  interest,  and  the 
constants  are  then  determined  by  a  least-squares  fitting  process  (see  Chapter  11). 


The  correct  equation  is  E  =  a  +  bC,  but  a  is  small  and  for  this  argument,  it  may  be  ignored;  proper  evaluation  of 
a  and  b  is  given  in  step  4  of  the  calibration  procedure. 
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Most  detection  systems  are  essentially  linear,  which  means  that  Equation  9.12  takes 
the  form 


E  —  d^  4-  d2C 


(9.13) 


5.  Calculation  of  the  energy  resolution.  By  definition,  the  energy  resolution  is  R  =  TIE, 
where  T  is  the  FWHM  of  the  peak  of  energy  E.  Therefore,  using  Equation  9.13, 


F  _  («i  +  d2CR)  —  («i  —  diCi)  _  d2{CR  —  Ci) 
£  “  E  “  E 


(9.14) 


where  CR  and  CL  are  the  channel  numbers  on  either  side  of  the  peak  at  half  of  its  maximum. 
If  dl  is  zero,  the  resolution  is  given  by 


R  = 


0-2  (Cr  —  Cl) 


r^Cpeak 


Cr  ~  CL 
( ' 

'“'peak 


(9.15) 


For  peak  E1  (Figure  9.19), 

CL  =  158,  CPeak  =  160,  CR  =  162 


Therefore, 


R  = 


162  - 158 
160 


2.5% 


Or  T  =  a2-  (CR  -  CL)  =  4.15(4)  =  16.6  keV 

Typically,  all  MCAs  in  conjunction  with  ADCs  in  the  market  now  have  multienergy 
calibration  software  with  automated  resolution  measurements.  A  more  in-depth  descrip¬ 
tion  of  the  digital  signal  processors  is  given  in  Chapter  10. 
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FIGURE  9.19  A  gamma  spectrum  used  for  calibration  of  an  MCA. 


www.Ebook777.com 


284  Measurement  and  Detection  of  Radiation 


EXAMPLE  9.3 

Obtain  the  calibration  constants  for  an  MCA  based  on  the  spectrum  shown  in  Figure 
9.19.  The  peaks  correspond  to  the  following  three  energies: 


E,  =  0.662  MeV, 

Cj  =  160 

£*=  1.173  MeV, 

C2  =  282.5 

£3=  1.332  MeV, 

C3  =  320 

Answer 

Plotting  energy  versus  channel  on  linear  graph  paper,  one  obtains  the  line  shown  in 
Figure  9.20,  which  indicates  that  the  linear  equation,  Equation  9.13,  applies,  and  one 
can  determine  the  constants  a,  and  a2  from  the  slope  and  the  zero  intercept  of  the 
straight  line.  From  Figure  9.20,  the  value  of  a2  is 


a2  — 


950  -  400 
230  -  97.5 


=  4.1  5  keV/channel 


The  constant  a,  =  £-  a2*C,  a,  =  350  -  4.15*80  =  18  keV. 

Based  on  these  results,  the  calibration  equation  of  this  MCA*  is  E  =  18  +  4.1 5*C  (keV). 


0  20  40  60  80  100  120  140  160  180  200  220  240  260  280  300  320 
Channel  number 

FIGURE  9.20  Plot  of  energy  versus  channel  number.  In  this  case,  the  relationship  is 
linear. 


Most  commercial  MCAs  have  a  hand-screw  adjustment  that  makes  a ,  equal  to  zero. 
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PROBLEMS 

9.1  Sketch  the  integral  spectrum  for  the  differential  spectrum  shown  in  the  figure  below. 


9.2  Sketch  the  differential  energy  spectrum  for  the  integral  spectrum  shown  in  the 
figure  below. 


2  4  6  8  10  12  14 

9.3  Sketch  the  integral  spectrum  for  the  differential  spectrum  shown  in  the  figure 
below. 


9.4  If  the  energy  resolution  of  a  Nal(Tl)  scintillator  system  is  11%  at  600  keV,  what  is 
the  width  T  of  a  peak  at  that  energy? 

9.5  What  is  the  maximum  energy  resolution  necessary  to  resolve  two  peaks  at  720  and 
755  keV? 
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9.6  Prove  that  if  a  detection  system  is  known  to  be  linear,  the  calibration  constants  are 
given  by 

_  E2C  -  /  |  f  i  )  ^  ~  E 2 

Cl]  —  ,  di  — 

q-c2  -  C,  -C2 

where  E1  and  E2  are  two  energies  recorded  in  channels  C,  and  C2,  respectively. 

9.7  Shown  in  the  following  figure  is  the  spectrum  of  22Na,  with  its  decay  scheme. 
Determine  the  calibration  constants  of  the  MCA  that  recorded  this  spectrum, 
based  on  the  two  peaks  of  the  22Na  spectrum. 


9.8  In  Problem  9.7,  the  channel  number  cannot  be  read  exactly.  What  is  the  uncer¬ 
tainty  of  the  calibration  constants  a1  and  a2  if  the  uncertainty  in  reading  the  chan¬ 
nel  is  one  channel  for  either  peak? 

9.9  Assume  that  the  energy  resolution  of  a  scintillation  detector  is  9%  and  that  of  a 
semiconductor  detector  is  1%  at  energies  around  900  keV.  If  a  source  emits  gam¬ 
mas  at  0.870  and  0.980  MeV,  can  these  peaks  be  resolved  with  a  scintillator  or  a 
semiconductor  detector? 

9.10  For  the  calibration  of  an  MCA,  the  gammas  from  22Na,  60Co,  and  137Cs  were  used 
with  the  following  results: 


Isotope 

Energy  (keV) 

Channel 

24Na 

1 368, 2754 

1258,2534 

®Co 

1177, 1332 

1083,1225 

,37Cs 

662 

609 

Determine:  (a)  The  calibration  constants,  (b)  If  the  energy  resolution  for  the 
1332  keV  peak  is  7%,  determine  the  energy  resolution  for  the  other  peaks,  (c) 
Determine  the  width  T  for  all  the  peaks. 

9.11  Consider  the  two  peaks  shown  in  the  accompanying  figure.  How  does  the  peak  at  E2 
affect  the  width  of  the  peak  at  E1  and  vice  versa?  What  is  the  width  T  for  both  peaks 
determined  pictorially? 
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Electronics  for 
Radiation  Counting 


10.1  INTRODUCTION 

This  chapter  presents  a  brief  and  general  description  of  electronic  units  used  in  radiation 
measurements.  The  subject  is  approached  from  the  viewpoint  of  "input-output”— that  is, 
the  input  and  output  signals  of  every  component  unit  or  instrument  are  presented  with 
a  minimum  of  discussion  on  circuitry.  The  objective  is  to  make  the  reader  aware  of  the 
capabilities  and  limitations  of  the  different  types  of  units  and,  at  the  same  time,  create  the 
capacity  to  choose  the  right  component  for  a  specific  counting  system. 

As  in  other  twenty-first-century  technologies,  the  advancement  of  smaller  and  faster  elec¬ 
tronic  parts  has  been  integrated  into  nuclear  instrumentation.  The  increased  speed  of  infor¬ 
mation  processing  of  personal  computers  coupled  with  modern  electronics  has  allowed  for 
the  miniaturization  of  many  systems.  Details  about  construction  and  operation  of  electronic 
components  and  systems  are  given  in  books  specializing  on  that  subject.  A  few  such  texts  are 
listed  in  the  bibliography  at  the  end  of  this  chapter.  Also,  the  vendors  of  nuclear  instruments 
provide  manuals  for  their  products  with  useful  information  about  their  operation. 

10.2  RESISTANCE,  CAPACITANCE,  INDUCTANCE, 

AND  IMPEDANCE 

To  understand  what  factors  affect  the  formation,  transmission,  amplification,  and  detection 
of  a  detector  signal,  it  is  important  to  comprehend  the  function  of  resistance,  capacitance, 

289 
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inductance,  and  impedance,  which  are  the  basic  constituents  of  any  electronic  circuit.  For 
this  reason,  a  brief  review  of  these  concepts  is  offered. 

The  resistance  R  is  a  measure  of  how  difficult  (or  easy)  it  is  for  an  electric  current  to 
flow  through  a  conductor.  The  resistance  is  defined  by  Ohm’s  law  as  the  ratio  of  a  voltage 
to  current  flowing  through  a  conductor  (Figure  10.1a).  The  resistance  is  measured  in  ohms 
(Q).  If  a  potential  difference  of  1  V  generates  a  current  of  1  A,  the  resistance  is  1  £2;  that  is, 

R  =  —  (10.1) 

i 

Capacitance  C  is  the  ability  to  store  electrical  charge.  A  capacitor  usually  consists  of 
two  conductors  separated  by  an  insulator  or  a  dielectric  (Figure  10.1b).  Every  conductor, 
for  example,  a  simple  metal  wire,  has  a  certain  capacitance.  The  capacitance  is  measured  in 
farads  (F).  If  a  charge  of  1  coulomb  produces  a  potential  difference  of  1  V  between  the  two 
conductors  forming  the  capacitor,  then  its  capacitance  is  1  F;  that  is, 

C  =  —  (10.2) 

V 

If  the  voltage  across  the  capacitor  is  constant,  no  current  flows  through  it;  that  is,  a 
capacitor  acts  as  an  open  circuit  to  dc  voltage.  If,  however,  the  voltage  changes,  a  current 
flows  through  the  capacitor  equal  to 


dq  _  dV 
dt  dt 


(10.3) 


Inductance  refers  to  the  property  of  conductors  to  try  to  resist  a  change  in  a  magnetic 
field.  If  the  current  flowing  through  a  conductor  changes  with  time  (in  which  case  the 
magnetic  field  produced  by  the  current  also  changes),  a  potential  difference  is  induced  that 
opposes  the  change.  The  induced  potential  difference  VL  is  given  by  (Figure  10.1c) 

Vl=L±  (10.4) 

dt 


where  L  is  called  the  inductance  of  the  conductor  and  is  measured  in  henrys  (H).  If  a  cur¬ 
rent  change  of  1  A/s  induces  a  potential  difference  of  1  V,  the  inductance  is  1  H.  An  induc¬ 
tor  is  usually  indicated  as  a  coil  (Figure  10.1c),  but  any  conductor,  for  example,  a  metal 
wire,  has  a  certain  inductance.  No  pure  inductor  exists  because  there  is  always  some  ohmic 
resistance  and  some  capacitance  in  the  wires  making  the  coils. 


(a) 


R 


(b) 


(c) 


• — vwvv 

•* - V*  — 

R  =  V/i 


*i(t) 


OOTOF 

►  i(t ) 

« - VL  — 

VL=Lft 


FIGURE  10.1  (a)  A  resistor,  (b)  a  capacitor,  (c)  an  inductor  (coil). 
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Capacitance  and  inductance  are  important  for 
time-varying  signals.  To  be  able  to  introduce  and  dis¬ 
cuss  the  pertinent  concepts,  consider  a  sinusoidal  volt¬ 
age  signal  with  maximum  voltage  Vm  and  frequency  CO 
applied  to  an  RC  circuit,  as  shown  in  Figure  10.2: 

Vit)  =  V^sincof  (10.5) 

Kirchhoff’s  second  law  applied  to  this  circuit  gives 


V(t)  =  Vm  sin  (0 1 


VB  =  imR  sin(tot  +  <()) 


vc  =  -(^cos(®(:+  6) 


FIGURE  10.2  The  interaction  of  an  RC  circuit  with  a  sinusoidal 
input. 


Vmsin(M 


(10.6) 


Differentiating  Equation  10.6  with  respect  to  time, 


T ,  i  di 

Vmcocoscof - =  R — 

C  dt 


(10.7) 


The  current  flowing  through  the  circuit  is  sinusoidal  with  frequency  CO  but  with  a  phase 
difference  relative  to  the  input  voltage.  Let  us  call  this  phase  difference  cp.  Then,  we  can 
write  for  the  current 


i(t)  =  fmsin(cof  +  cp) 


(10.8) 


To  evaluate  the  phase  difference  cp,  substitute  Equation  10.8  into  Equation  10.7  and 
compute  the  resulting  expression  at  some  convenient  value  of  the  time  t  (in  this  case, 
t  =  7t/2co;  see  Problem  10.1).  The  result  is 

tancp  =  — - —  (10.9) 

RCu 


Note  that  as  R  — >  0,  tan  cp  — >  °°  and  cp  — >  n/2.  The  voltage  across  the  capacitor  is  given  by 


— cos(cof-Mp) 

Cco 

(10.10) 


At  every  time  t,  the  instantaneous  potentials  V{t),  VR(f),  and  Vc{t)  satisfy  the  equation 


Vc(t)  =  —  =  —  Umsin(cof  +  cp  )dt 
C  C  J 


CL  =  - 
c  c 

ifn  ■  I  It 

- sin  co£  +  cp - 

Cco  V  2 


V(t)  =  V R{f)  +  vc(t)  (10.10a) 

The  peak  potentials,  however,  are  not  additive  linearly  because  their  maxima  do 
not  occur  at  the  same  time.  To  find  the  correct  relationship,  apply  Equation  10.7  at  time 
t  =  —(cp/co.)  with  iit)  from  Equation  10.8.  The  result  is 


Vm  V, 

im  —  — cos  cp  — 


Vm 


R 


R  7l  +  tan2cp  7 R 2  +  (l/co2C2) 


(10.11) 
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Equation  10.11  is  the  analog  of  Ohm’s  law  for  the  RC  circuit.  The  "resistance”  of  the 
circuit  is  called  the  impedance  Z  and  is  given  by 


Z  = 


(10.12) 


FIGURE  10.3  The  addi¬ 
tion  of  the  peak  potentials 
in  an  RC  circuit. 


Pictorially,  the  relationships  expressed  by  Equations  10.11  and  10.12  are  shown  in 
Figure  10.3.  The  quantity  Rc  =  1/coC  is  called  the  capacitive  resistance.  The  impedance  Z,  as 
well  as  R  and  Rc,  are  measured  in  ohms. 

Consider  now  an  LR  circuit  as  shown  in  Figure  10.4.  If  the  voltage  given  by  Equation 
10.5  is  applied  at  the  input,  KirchhofT’s  second  law  gives,  in  this  case, 

V„,sincof  -  L  ^  =  iR  (10.13) 


VL(t)  =  col!,„sin((or  +  7t/2) 


VR  =  imR  sin  (0 1 


As  in  the  RC  circuit,  the  current  will  have  the  fre¬ 
quency  co  and  a  phase  difference  cp,  relative  to  the  volt¬ 
age.  The  current  may  be  written  as 

i(i)  =  imsin(cot  -  tp)  (10.14) 

Substituting  the  value  of  the  current  from  Equation 
10.14  into  Equation  10.13  and  evaluating  the  resulting 
expression  at  t  =  0  (see  Problem  10.2),  one  obtains 


FIGURE  10.4  The  interaction  of  an  LR  circuit  with  a  sinusoidal 
input. 


tancp 


Tcg 

R 


(10.15) 


which  is  the  phase  difference  in  the  LR  circuit  (equivalent  to  Equation  10.9).  To  find  the  rela¬ 
tionship  between  the  peak  values,  Equation  10.13  is  evaluated  at  time  t  =  cp/co.  The  result  is 


Vm  .  Vm  tancp  Vm 

- sincp  = - ,  =  ,  = 

Lo o  Tco  7l  +  tan2cp  ^R2  +  L2 co2 


(10.16) 


Thus,  the  impedance  of  an  LC  circuit  is 

z  =  \Ir2  +  iV  (10-17) 

The  quantity  RL  =  Tco  is  called  the  inductive  reactance.  If  a  circuit  contains  all  three 
elements,  R,  L,  C,  it  can  be  shown  (see  Problem  10.3)  that  the  phase  difference  and  imped¬ 
ance  are  given  by 


co L  -  (1/co C) 
tancp  = - 


(10.18) 


Z  = 


(10.19) 
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Every  electronic  component  has  a  characteristic  impedance.  When  a  signal  is  transmit¬ 
ted  from  a  unit  with  a  high-impedance  output  to  a  low-impedance  input,  there  is  going  to 
be  a  loss  in  the  signal  unless  an  impedance-matching  device  is  used  to  couple  the  two  units. 
Manufacturers  of  preamplifiers  and  amplifiers  quote  the  impedance  of  the  input  and  output 
for  their  products.  Coaxial  cables  have  an  impedance  between  90  and  100  Q. 

10.3  DIFFERENTIATING  CIRCUIT 

A  differentiating  circuit  consists  of  a  capacitor  and  a  resistor  (Figure  10.5).  If  a  time-depen¬ 
dent  voltage  Vff)  is  applied  at  the  input,  Equation  10.10  relating  the  instantaneous  values  of 
the  three  voltages  involved  (Figure  10.5)  becomes 


V 


vm 


FIGURE  10.5  A  CR  shap¬ 
ing  circuit  (differentiator). 


C  C  dt 


(10.20) 


where  q{t)  is  the  charge  of  the  capacitor  at  time  t.  If  the  input  signal  is 
a  step  function  (Figure  10.6),  the  output  voltage  is  given  (after  solving 
Equation  10.20)  by 

V0(t)  =  R ^  =  VUme-mc  (10.21) 
dt 


Figure  10.7  shows  the  output  voltage  if  the  input  signal  is  a  rectan¬ 
gular  pulse  of  height  Vim  and  duration  T.  Note  that  if  RC  <sc  T,  the  out¬ 
put  signal  represents  the  derivative  of  the  input.  Indeed,  from  Equation 
10.20,  if,  RC<£  T,  then 


h,  m 

Vft) 


Vj{t)  _  _q_  dq_  ^  _q_ 
R  RC  dt  RC 


FIGURE  10.6  The  output  signal  of  a  CR 
shaping  circuit  for  a  step  input. 


t  =  0  t=T 


FIGURE  10.7  The  response  of  a  CR  circuit  to  a  rectangular  pulse. 
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1  dVj  _  J^dq^  _  1  , 
R  dt  RC  dt  RC 


Thus, 


Vq  (t)  =  iR  =  R 


dq 

dt 


RC 


dVj 

dt 


(10.22) 


and  for  this  reason,  this  circuit  is  called  a  differentiator.  If  Vft)  is  the  pulse  from  a  detector, 
the  effect  of  differentiation  is  to  force  the  pulse  to  decay  faster. 

As  shown  in  Section  10.2,  for  a  sinusoidal  signal,  the  peak  value  of  the  potential  across 
the  resistor  of  an  RC  circuit  is  related  to  the  peak  of  the  input  signal  by 


FIGURE  10.8  The  output  of  a  differentiator 
(high-pass)  filter  as  a  function  of  input  frequency. 


Vo,m  _  R  _  _ R _ 

v,m  yjR2  +  Rl  Jr2  +  l/co  2C2 


(10.23) 


where  co  =  2nfand  f  is  the  frequency  of  the  input  signal.  According 
to  Equation  10.23,  as  the  frequency  decreases,  the  fraction  of  the 
signal  appearing  at  the  output  of  the  differentiator  also  decreases, 
approaching  zero  for  very  low  frequencies.  For  this  reason,  this  cir¬ 
cuit  is  called  a  high-pass  filter.  The  output  of  the  filter  as  a  function 
of  frequency  is  shown  in  Figure  10.8.  If  the  signal  is  not  purely  sinu¬ 
soidal,  it  may  be  decomposed  into  a  series  of  sine  components  with 
frequencies  that  are  multiples  of  a  fundamental  one  (this  is  called 
Fourier  analysis).  Going  through  the  high-pass  filter,  the  lower  fre¬ 
quencies  will  be  attenuated  more  than  the  higher  ones. 


10.4  INTEGRATING  CIRCUIT 


An  integrating  circuit  also  consists  of  a  resistor  and  a  capacitor,  but  now  the  output  signal 
is  taken  across  the  capacitor  (Figure  10.9).  Equation  10.20  applies  in  such  a  case  too,  and  the 
output  signal  as  a  result  of  a  step  input  is  given  by 


FIGURE  10.9  An 

RC  shaping  circuit 
(integrator). 


Volt)  =  ^r  =  VUl  -  e-‘IEC )  (10.24) 

Input  and  output  signals  are  shown  in  Figure  10.10.  Figure  10.11  shows  the  output  volt¬ 
age  if  the  input  signal  is  a  rectangular  pulse  of  height  Vi  m  and  duration  T.  If  RC  »  T,  the 
output  signal  looks  like  the  integral  of  the  input.  Indeed,  from  Equation  10.20, 


Vj{t)  =  q<jf+  dq{t) 
R  CR  dt 
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t=  0 


♦  t 


FIGURE  10.10  The  output  signal  of  an  RC  shaping  circuit  for  a  step  input  (top), 
which  gives,  if  RC  »  T, 


Vi(t)  _  dq 
R  dt 

Then,  from  Equation  10.24, 

v0{t)  =  =  (10.25) 

and  for  this  reason,  this  circuit  is  called  an  integrator. 

For  a  sinusoidal  input  signal,  the  peak  value  of  the  voltage  across  the  capacitor  is  related 
to  the  peak  value  of  the  input  signal  by 

Vo,m  _  Rc  _  1/coC 

Km  Jr2  +  r2c  ^ r 2  +  i/co2c2  (10-26) 


St 


t  =  0  t=T 


FIGURE  10.11  The  response  of  an  RC  circuit  to  a  rectangular  pulse. 
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As  the  frequency  increases,  the  ratio  given  by  Equation  10.26 
decreases,  and  for  this  reason  this  circuit  is  called  a  low-pass  filter. 
Going  through  the  filter,  lower  frequencies  fare  better  than  the  higher 
ones.  The  output  of  the  filter  as  a  function  of  frequency  is  shown  in 
Figure  10.12. 


FIGURE  10.12  The  output  of  an  integra¬ 
tor  (low-pass)  filter  as  a  function  of  input 
frequency. 


10.5  DELAY  LINES 

Any  signal  transmitted  through  a  coaxial  cable  is  delayed  by  a  time 
T  =  fiLC  seconds  per  unit  length,  where  L  is  the  inductance  per  unit 
length  and  C  is  the  capacitance  per  unit  length.  For  ordinary  coaxial 
cables,  the  delay  is  about  5  ns/m.  For  larger  delays,  the  central  conductor 
of  the  cable  is  spiraled  to  increase  the  inductance  per  unit  length. 

Commercial  delay  lines  are  a  little  more  complicated  than  a  simple  cable.  They  are  used 
not  only  to  delay  a  signal,  but  also  to  produce  a  rectangular  pulse  for  subsequent  pulse  shap¬ 
ing  or  for  triggering  another  electronic  unit  (e.g.,  a  scaler).  The  formation  of  the  rectangular 
pulse  is  achieved  by  reflecting  the  delayed  signal  at  the  end  of  the  delay  line,  bringing  it  back 
to  the  input  and  adding  it  to  the  original  signal  (Figure  10.13).  A  double  delay  line  produces 
the  double  rectangular  pulse  shown  in  Figure  10.14. 


FIGURE  10.13 
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FIGURE  10.14  The  effect  of  a  double  delay  line. 
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10.6  PULSE  SHAPING 

The  pulse  produced  at  the  output  of  a  radiation  detector  has  to  be  modified  or  shaped  for  better 
performance  of  the  counting  system.  There  are  three  reasons  that  necessitate  pulse  shaping: 

1.  To  prevent  overlap.  Each  pulse  should  last  for  as  short  a  period  of  time  as  possible,  and 
then  its  effect  should  be  abolished  so  that  the  system  may  be  ready  for  the  next  pulse. 
Without  pulse  shaping,  the  detector  signal  lasts  so  long  that  pulses  overlap.  If  only 
the  number  of  particles  is  counted,  pulse  overlap  leads  to  loss  of  counts  (dead  time 
loss).  In  spectroscopy  measurements,  pulse  overlap  worsens  the  energy  resolution. 

2.  To  improve  the  signal-to-noise  ratio.  Noise  created  in  the  detector  and  the  early 
amplification  stages  accompanies  the  detector  signal.  Appropriate  pulse  shaping 
can  enhance  the  signal  while  at  the  same  time  reduce  the  noise.  Thus,  the  signal-to- 
noise  ratio  will  improve,  which  in  turn  leads  to  better  energy  resolution. 

3.  For  special  pulse  manipulation.  The  detector  pulse  may,  in  certain  applications, 
need  special  pulse  shaping  to  satisfy  the  needs  of  certain  units  of  the  count¬ 
ing  system.  As  an  example,  the  signal  at  the  output  of  the  amplifier  needs  to  be 
stretched  before  it  is  recorded  in  the  memory  of  a  multichannel  analyzer  (MCA) 
(see  Section  10.12). 

The  pulse-shaping  methods  used  today  are  based  on 
combinations  of  RC  circuits  and  delay  lines.  For  example, 
the  use  of  a  CR-RC  circuit  combination  produces  the 
pulse  shown  in  Figure  10.15.  The  exact  shape  and  size  of 
the  output  pulse  depends  on  the  relative  magnitudes  of  the 
time  constants  C1R1  and  C2R2.  The  use  of  the  CR-RC  cir¬ 
cuit  combination  provides,  in  addition  to  pulse  shaping,  a 
better  signal-to-noise  ratio  by  acting  as  high-pass  and  low- 
pass  filter  for  undesired  frequencies. 

If  one  adds  more  RC  integrating  circuits,  the  pulse  will 
approach  a  Gaussian  shape  (Figure  10.16). 


FIGURE  10.15  An  example  of  CR-RC  shaping.  The  triangle 
indicates  the  amplification  unit  (A)  that  isolates  the  two 
shaping  circuits. 


FIGURE  10.16  The  output  pulse  after  using  many  shaping  circuits.  The  triangle  indicates  the 
amplification  unit  that  isolates  any  two  consecutive  shaping  circuits. 
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FIGURE  10.17  A  doubly  differentiated  pulse. 


FIGURE  10.18  A  unipolar  and  bipolar  pulse  as  a  result  of  the  application  of  many  CRand  RC 
circuits. 


FIGURE  10.19  Pulse  shaping  using  a  single  delay  line  and  an  RC  circuit. 


If  one  applies  a  CR-RC-CR  combination, 
the  result  is  a  doubly  differentiated  pulse  as 
shown  in  Figure  10.17.  Commercial  amplifiers 
usually  provide  either  singly  or  doubly  differ¬ 
entiated  pulses.  In  all  cases,  the  final  pulse  is 
the  result  of  repeated  application  of  CR-CR 
circuits.  Figure  10.18  shows  such  pulses  pro¬ 
duced  by  the  application  of  many  RC  and  CR 
circuits,  called  unipolar  and  bipolar  pulses, 
respectively.  Pulse  shaping  using  a  delay  line 
and  an  RC  circuit  is  shown  in  Figure  10.19. 


10.7  TIMING 

The  term  timing  refers  to  the  determination  of  the  time  of  arrival  of  a  pulse.  Timing  experi¬ 
ments  are  used  in  measurement  of  the  time  development  of  an  event  (e.g.,  measurement 
of  the  decay  of  a  radioactive  species),  measurement  of  true  coincident  events  out  of  a  large 
group  of  events,  and  discrimination  of  different  types  of  particles  based  on  the  different 
time  characteristics  of  their  pulse  [pulse-shape  discrimination  (PSD)]. 

Timing  methods  are  characterized  as  "slow”  or  “fast”  depending  on  the  way  the  sig¬ 
nal  is  derived.  Slow  timing  signals  are  generated  by  an  integral  discriminator  or  a  timing 
single-channel  analyzer.  In  either  case,  timing  is  obtained  by  using  a  shaped  signal  at  the 
output  of  an  amplifier.  Fast  timing  signals  are  based  on  the  unshaped  pulse  at  the  output  of 
the  detector  or  on  a  signal  shaped  specifically  for  timing. 
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Many  timing  methods  have  been  developed  over  the  years.  All  the 
methods  pick  the  time  based  on  a  certain  point  in  the  “time  development” 
of  the  pulse,  but  they  differ  in  the  way  that  point  is  selected.  Three  meth¬ 
ods  are  discussed  here.1-5 


10.7.1  Leading-Edge  Timing  Method 

The  leading-edge  timing  method  determines  the  time  of  arrival  of  a  pulse 
with  the  help  of  a  discriminator,  as  shown  in  Figure  10.20.  A  discriminator 
threshold  is  set  and  the  time  of  arrival  of  the  pulse  is  determined  from  the 
point  where  the  pulse  crosses  the  discriminator  threshold.* 

The  leading-edge  timing  method  is  simple,  but  it  introduces  uncer¬ 
tainties  because  of  “jitter”  and  “walk”  (Figure  10.21).  Jitter  is  another 
name  for  electronic  noise.  The  timing  uncertainty  due  to  jitter  depends 
on  the  amplitude  of  the  noise  and  the  slope  of  the  signal  close  to  the 
discriminator  threshold.  Walk  originates  when  differences  in  the  rate  of 
pulse  rise  time  cause  pulses  starting  at  the  same  point  in  time  to  cross 
the  discriminator  level  at  different  positions.  Walk  can  be  reduced  by  setting  the  dis¬ 
criminator  level  as  low  as  possible  or  by  restricting  the  amplitude  range  of  the  acceptable 
pulses.  Both  of  these  corrective  measures,  however,  introduce  new  difficulties.  Setting 
the  discriminator  level  too  close  to  the  noise  level  may  allow  part  of  the  random  noise  to 
be  counted.  Limiting  the  range  of  acceptable  pulses  reduces  the  counting  rate. 


FIGURE  10.20  The  time  of  arrival  of  the 
pulse  is  determined  from  the  instant  at  which 
the  pulse  crosses  the  discriminator  threshold. 


10.7.2  Zero-Crossing  Timing  Method 


The  zero-crossing  method  reduces  the  errors  due  to  jitter  and  walk  by  picking  the  time 
from  the  zero  crossing  of  a  bipolar  pulse  (Figure  10.22).  Ideally,  all  the  pulses  cross  the  zero 
at  the  same  point,  and  the  system  is  walk  free.  In  practice,  there  is  some  walk  because  the 
position  of  zero  crossing  depends  on  pulse  rise  time.1  The  dependence  on  pulse  rise  time 
is  particularly  important  for  Ge  detectors  because  the  pulses  produced  by  Ge  detectors 
exhibit  considerable  variations  in  their  time  characteristics.  To  reduce  the  uncertainties 
still  present  with  the  zero-crossing  method,  the  constant-fraction  method  has  been  devel¬ 
oped  specifically  for  Ge  detectors. 


FIGURE  10.22  Timing 
by  the  zero-crossing 
method. 


FIGURE  10.21  Timing  uncertainty  due  to  jitter  and  walk. 


*  Rectangular  pulses  such  as  the  ones  shown  in  Figure  10.20  are  called  logical  pulses. 
f  Pulse  rise  time  is  taken  as  the  time  it  takes  the  pulse  to  increase  from  10%  to  90%  of  its  value. 
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FIGURE  10.23  Timing  by  the  constant-fraction  technique. 

10.7.3  Constant- Fraction  Timing  Method 

The  principle  of  constant-fraction  timing  is  shown  in  Figure  10.23.  First,  the  original  pulse 
(Figure  10.23a)  is  attenuated  by  a  factor /equal  to  the  fraction  of  the  pulse  height  on  which 
the  timing  will  be  based  (Figure  10.23b).  The  original  pulse  is  inverted  and  delayed  (Figure 
10.23c)  for  a  time  longer  than  its  rise  time.  Second,  the  signals  in  Figures  10.23c  and  b  are 
added  to  give  the  signal  in  Figure  10.23d.  The  time  pick-off,  taken  as  the  zero-crossing  point, 
is  thus  defined  by  the  preselected  fraction  of  the  pulse  height  and  is  independent  of  the 
pulse  amplitude.  It  can  be  shown  that  pulses  with  the  same  rise  time  always  give  the  same 
zero-crossing  time. 

10.7.4  Applications  of  Novel  Timing  Methods 

With  the  increased  technological  advances  of  electronic  components,  there  appears  to  be 
an  endless  number  of  novel  applications  of  timing  methods  in  nuclear  instrumentation. 
While  it  is  not  possible  to  list  all  the  specific  ever-changing  advancements  in  timing  meth¬ 
ods,  here  are  some  representative  applications:  a  high-throughput,  multichannel  photon¬ 
counting  detector  with  picosecond  timing,6  timing  resolution  of  the  scintillation  detectors,7 
time  resolution  improvement  of  CdTe  detectors  using  digital  signal  processing,8  a  simple 
method  for  rise-time  discrimination  of  slow  pulses  from  charge-sensitive  preamplifiers,9 
single  photon  timing  resolution  and  detection  efficiency  of  silicon  photomultipliers,10  pho¬ 
ton  counting  detector  with  picoseconds  timing  resolution  for  x-ray  wavelengths  to  visible 
range  on  the  basis  of  gallium  phosphide  (GaP),11  time  resolution  studies  using  digital  con¬ 
stant  fraction  discrimination,12  and  double-layer  silicon  PIN  photodiode  x-ray  detector.13 

10.8  COINCIDENCE-ANTICOINCIDENCE  MEASUREMENTS 

There  are  times  in  radiation  measurements  when  it  is  desirable  or  necessary  to  discard  the 
pulses  due  to  certain  types  of  radiation  and  accept  only  the  pulses  from  a  single  type  of 
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particle  or  from  a  particle  or  particles  coming  from  a  specific  direction,  or  from  a  specific 
reaction.  Here  are  two  examples  of  such  measurements: 

1.  Detection  of  pair-production  events.  When  pair  production  occurs,  two  0.511-MeV 
gammas  are  emitted  back-to-back.  To  insure  that  only  annihilation  photons  are 
counted,  two  detectors  are  placed  180°  apart,  and  only  events  that  register  simulta¬ 
neously  (coincident  events)  in  both  detectors  are  recorded. 

2.  Detection  of  internal  conversion  electrons.  Radioisotopes  emitting  internal  conver¬ 
sion  (IC)  electrons  also  emit  gammas  and  x-rays.  The  use  of  a  single  detector  to 
count  electrons  will  record  not  only  IC  electrons  but  also  Compton  electrons  pro¬ 
duced  in  the  detector  by  the  gammas.  To  eliminate  the  Compton  electrons,  one 
can  utilize  the  x-rays  that  are  emitted  simultaneously  with  the  IC  electrons.  Thus, 
a  second  detector  is  added  for  x-rays  and  the  counting  system  is  required  to  record 
only  events  that  are  coincident  in  these  two  detectors.  This  technique  excludes  the 
detection  of  Compton  electrons. 

Elimination  of  undesirable  events  is  achieved  by  using  a  coincidence  (or  anticoinci¬ 
dence)  unit.  Consider  the  counting  system  shown  in  Figure  10.24.  The  source  emits  par¬ 
ticles  detected  by  detectors  1  and  2.  After  amplification,  the  detector  signals  are  fed  into 
a  timing  circuit,  which  in  turn  generates  a  pulse  signifying  the  time  of  occurrence  in  the 
detector  of  the  corresponding  event  (1)  or  (2).  The  timing  signals  are  fed  into  a  coincidence 
unit,  so  constructed  that  it  produces  an  output  signal  only  when  the  two  timing  pulses  are 
coincident.  If  the  objective  is  to  count  only  the  number  of  coincident  events,  the  output 
of  the  coincidence  unit  is  fed  into  a  scaler.  If,  on  the  other  hand,  the  objective  is  to  mea¬ 
sure  the  energy  spectrum  of  particles  counted  by  detector  1  in  coincidence  with  particles 
counted  by  detector  2,  the  output  signal  of  the  coincidence  unit  is  used  to  “gate”  an  MCA 
that  accepts  the  energy  pulses  from  detector  1.  The  gating  signal  permits  the  MCA  to  store 
only  those  pulses  from  detector  1  that  are  coincident  with  events  in  detector  2. 

In  theory,  a  true  coincidence  is  the  result  of  the  arrival  of  two  pulses  at  exactly  the 
same  time.  In  practice,  this  “exact  coincidence”  seldom  occurs,  and  for  this  reason,  a  coin¬ 
cidence  unit  is  designed  to  register  as  a  coincident  event  those  pulses  arriving  within  a 
finite  but  short  time  interval  T.  The  interval  T,  called  the  resolving  time  or  the  width  of  the 
coincidence,  is  set  by  the  observer.  Typical  values  of  T  are  1-5  |us  for  “slow”  coincidence 


FIGURE  10.24  A  simple  coincidence  measurement  setup. 
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FIGURE  10.25  Events  (1)  and  (2)  or  events  (2)  and  (3)  are  coincident.  Events  (1)  and  (3)  are  not. 

measurements  and  1-10  ns  for  “fast”  coincidence  measurements.  By  introducing  the  width 
X,  the  practical  definition  of  coincidence  is 

Two  or  more  events  are  coincident  if  they  occur  within  the  time  period  x. 

According  to  this  definition,  events  (1)  and  (2)  or  (2)  and  (3)  in  Figure  10.25  are  coinci¬ 
dent,  but  events  (1)  and  (3)  are  not. 

As  stated  earlier,  the  coincidence  unit  is  an  electronic  device  that  accepts  pulses  (events) 
in  two  or  more  input  channels  and  provides  an  output  signal  only  if  the  input  pulses  arrive 
within  the  time  period  X.  The  logic  of  a  coincidence  unit  is  shown  in  Figure  10.26. 

An  anticoincidence  unit  is  an  electronic  device  that  accepts  pulses  (events)  in  two  input 
channels  and  provides  an  output  signals  only  if  the  two  events  do  not  arrive  within  the  time 
period  X.  The  logic  of  an  anticoincidence  unit  is  shown  in  Figure  10.27. 

Figures  10.26  and  10.27  both  show  a  “coincidence”  unit  as  the  instrument  used  because, 
commercially,  a  single  component  is  available  that,  with  the  flip  of  a  switch,  is  used  in  the 
coincidence  or  anticoincidence  mode. 

For  a  successful  coincidence  or  anticoincidence  measurement,  the  detector  signals 
should  not  be  delayed  by  any  factor  other  than  the  time  of  arrival  of  the  particles  at  the 
detector.  If  it  is  known  that  it  takes  longer  to  generate  the  signal  in  one  detector  than  in 
another,  the  signal  from  the  fast  detector  should  be  delayed  accordingly  to  compensate  for 
this  difference.  This  compensation  is  accomplished  by  passing  the  signal  through  a  delay  line 
(see  Section  10.5)  before  it  enters  the  coincidence  unit.  A  delay  line  is  always  needed  if  the 
detectors  used  in  the  coincident  measurement  are  not  identical.  The  value  of  the  relative 
delay  needed  is  determined  as  follows. 

The  simplest  type  of  coincidence  circuit  is  probably  the  additive  type  shown  in  Figure 
10.28.  The  coincidence  unit  is  summing  the  input  pulses.  When  two  pulses  overlap,  their 
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FIGURE  10.26  The  logic  of  a  coincidence  unit  with  two  input  channels. 
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FIGURE  10.27  The  logic  of  an  anticoincidence  unit. 
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FIGURE  10.28  The  coincidence  circuit  of  the  additive  type. 


sum  exceeds  a  discriminator  threshold  and  the  unit  produces  an  output  pulse.  If  the  width 
of  the  input  pulse  is  T,  the  resolving  time  is  essentially  x  =  2  T.  Assume  now  that  a  system  has 
been  set  up  as  shown  in  Figure  10.24,  with  the  addition  of  a  delay  line  in  channel  2  between 


the  timing  and  the  coincidence  units.  If  one  measures  the 
number  of  coincidences  as  a  function  of  the  delay  between 
the  two  signals,  the  result  will  be  the  delay  or  resolving-time 
curve  shown  in  Figure  10.29.  The  proper  relative  delay  is  the 
value  corresponding  to  the  center  of  the  flat  region.  The  ideal 
(rectangular)  curve  will  be  obtained  if  the  time  jitter  is  zero. 

Since  the  pulses  from  the  two  detectors  arrive  randomly, 
a  certain  number  of  accidental  (or  chance)  coincidences  will 
always  be  recorded.  Let 

r1  =  counting  rate  of  detector  1 
r2  =  counting  rate  of  detector  2 
ra  =  accidental  coincidence  rate 


FIGURE  10.29  The  delay  or  resolving-time  curve. 
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Consider  a  single  pulse  in  channel  1.  If  a  pulse  occurs  in  channel  2  within  the  time 
period  x,  then  a  coincidence  will  be  registered.  Since  the  number  of  pulses  in  channel  2 
during  time  T  is  r2 t,  the  rate  of  accidental  coincidences  is 

ra  =  rir2x  (10.27) 

Equation  10.27  gives  accidental  coincidences  of  first  order.  Corrections  for  multiple 
coincidences  of  higher  order  have  also  been  calculated.14,15 

If  S  is  the  strength  of  the  source,  and  e2  the  efficiencies,  and  Q.2  the  solid  angle 
factors,  and  F2  and  F2  any  other  factors  that  affect  the  measurement  of  particles  counted  by 
detectors  1  and  2  (see  Chapter  8),  then  the  true  coincidence  rate  r ,  is  given  by 

rt  =  Se1E2Q.1Q.2F1F2  (10.28) 

and  from  Equation  10.27  the  accidental  coincidence  rate  is 

ra  =  S2e182Q1Q2F1F2x  (10.29) 

The  figure  of  merit  in  a  coincidence  experiment  is  the  ratio 


Q  = 


l 

St 


(10.30) 


which  should  be  as  high  as  possible.  Equation  10.30  shows  that  this  ratio  improves  when  S 
and  T  decrease.  Unfortunately,  the  values  for  both  of  these  quantities  have  constraints.  The 
value  of  T  is  limited  by  the  performance  of  the  detector  and  by  the  electronics.  The  source 
strength  S  has  to  be  of  a  certain  value  for  meaningful  counting  statistics  to  be  obtained  in 
a  reasonable  time.  It  is  interesting  to  note  that  when  the  source  strength  increases,  both 
true  and  accidental  coincidence  rates  increase  but  the  ratio  Q  (Equation  10.30)  decreases, 

Another  coincidence  technique  involves  the  use 
of  a  time-to-amplitude  converter  (TAC).  A  TAC  is 
an  electronic  unit  that  converts  the  time  difference 
between  two  pulses  into  a  voltage  pulse  between  0 
and  10  V.  The  height  of  the  pulse  is  proportional  to 
the  time  difference  between  the  two  events.  The  time 
spectrum  of  the  two  detectors  is  stored  directly  in  the 
MCA.  A  “time"  window  is  set  around  the  coincidence 
Channel  (time)  peak  (Figure  10.30).  A  second  window  of  equal  width 

is  set  outside  the  peak  to  record  accidental  coinci- 

FIGURE  10.30  An  MCA  spectrum  taken  with  a  TAC.  dences  only. 

The  advantages  of  using  a  TAC  are  as  follows: 

1.  No  resolving  curve  need  to  be  taken. 

2.  No  resolving  time  is  involved. 

3.  The  number  of  channels  and  the  range  of  time  intervals  analyzed  may  be  changed 
over  a  wide  range  by  simply  changing  the  conversion  gain  of  the  MCA. 
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FIGURE  10.31  A  Nal-Ge(Li)  y— y  coincidence  system  (numbers  indicate  Canberra  models). 


Most  TACs  cannot  distinguish  the  sequence  of  events— that  is,  they  cannot  tell  if  a 
pulse  from  channel  1  precedes  a  pulse  from  channel  2  and  vice  versa.  To  avoid  this  ambi¬ 
guity  and  also  to  create  a  measurable  difference  between  the  pulses,  the  signal  from  one 
detector  is  usually  shifted  by  a  fixed  delay. 

Figure  10.31  shows  what  is  now  a  common  counting  system  for  y-y  coincidence  mea¬ 
surements  using  a  Nal(Tl)  detector  and  a  Ge(Li)  detector.  The  initials  ADC  stand  for  ana- 
log-to-digital  converter  (see  Section  10.12). 

10.9  PULSE-SHAPE  DISCRIMINATION  (PSD) 

PSD  is  the  name  given  to  a  process  that  differentiates  pulses  produced  by  different  types  of 
particles  in  the  same  detector.  Although  PSD  has  found  many  applications,  its  most  com¬ 
mon  use  is  to  discriminate  between  pulses  generated  by  neutrons  and  gammas  in  organic 
scintillators  (see  also  Chapter  14),  and  it  is  this  type  of  PSD  that  will  be  discussed  here. 

Measurement  of  the  amount  of  light  produced  in  organic  scintillators  by  neutrons  and 
gammas  shows  that  both  the  differential  and  integral  light  intensities  are  different  as  func¬ 
tions  of  time.  Figure  10.32,  presenting  the  results  of  Kuchnir  and  Lynch,16  illustrates  this 
point.  It  is  obvious  that  the  pulses  from  neutrons  and  gammas  have  different  time  charac¬ 
teristics,  and  it  is  this  property  that  is  used  as  the  basis  for  PSD. 

Many  different  methods  have  been  proposed  and  used  for  successful  PSD.17-22  One 
method  doubly  differentiates  the  detector  pulse,  either  using  CR  circuits  or  a  delay  line, 
and  bases  the  PSD  on  the  time  interval  between  the  beginning  of  the  pulse  and  the  zero¬ 
crossing  point.  This  time  interval,  which  is  essentially  independent  of  the  pulse  amplitude 
but  depends  on  the  pulse  shape,  is  usually  converted  into  a  pulse  by  means  of  a  TAC.  The 
pulse  from  the  TAC  may  be  used  to  gate  the  counting  system.  Figure  10.33  shows  a  block 
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NE  213 


100  200  300  400 


FIGURE  10.32  The  light  produced  by  neutrons  and  gammas  in  stilbene  and  NE  213.  Light 
intensity  is  shown  on  the  left;  integrated  light  intensity  is  shown  on  the  right.  (Based  on  data  of 
Nakhostin,  M.  et  al.,  Nucl.  Instrum.  Meth.  Phys.  Res.  A  606:681;2009.) 


FIGURE  10.33  A  block  diagram  for  a  PSD  system.  (Reproduced  from  Instruments  for  Research  and 
Applied  Sciences  by  permission  of  EG  &  G  ORTEC,  Oak  Ridge,  Tennessee.) 
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diagram  for  such  a  counting  system.  The  result  of  n-y  discrimination  is  usually  a  spec¬ 
trum  that  resembles  the  one  shown  in  Figure  10.34.  Actually,  the  ypeak  is  due  to  electrons 
produced  by  the  gammas,  and  the  neutron  peak  is  due  to  protons  recoiling  after  collisions 
with  the  incident  neutrons.  More  details  of  this  method  of  neutron  detection  are  given  in 
Chapter  14. 

A  second  method,  introduced  by  Brooks,20  integrates  the  charge  from  the  early  part  of 
the  pulse  and  compares  it  to  the  total  charge.  A  third  method,  introduced  by  Kinbara  and 
Kumahara,21  differentiates  n-y  pulses  by  a  measurement  of  the  rise  time  of  the  pulse.  A  final 
example  of  a  PSD  technique  is  that  used  by  Burrus  and  Verbinski,22  and  Verbinski  et  al.23 
based  on  a  design  by  Forte.24  Details  of  the  circuitry  are  given  in  References  22  and  23.  This 
PSD  method  produces  a  large  positive  pulse  output  for  neutrons  and  a  small  positive  or  a 
large  negative  pulse  for  gammas. 


Channel 


FIGURE  10.34  The 

result  of  y-n  discrimina¬ 
tion  using  PSD. 


10.10  PREAMPLIFIERS 

In  Section  1.5.5,  a  few  general  comments  were  made  about  preamplifiers.  It  was  stated  that 
the  primary  purpose  of  the  preamplifier  is  to  provide  an  optimum  coupling  between  the 
detector  and  the  rest  of  the  counting  system.  A  secondary  purpose  of  the  preamplifier  is 
to  minimize  any  sources  of  noise,  which  will  be  transmitted  along  with  the  pulse  and  thus 
may  degrade  the  energy  resolution  of  the  system.  This  second  objective,  low  noise,  is  par¬ 
ticularly  important  with  semiconductor  detectors,  which  are  the  counters  offering  the  best 
energy  resolution. 

There  are  three  basic  types  of  preamplifiers:  charge-sensitive,  current-sensitive,  and 
voltage-sensitive.  The  voltage-sensitive  preamplifier  is  not  used  in  spectroscopy  because  its 
gain  depends  on  the  detector  capacitance,  which  in  turn  depends  on  the  detector  bias.  The 
charge-sensitive  preamplifier  is  the  most  commonly  used  in  spectroscopic  measurements 
and  the  only  type  used  with  semiconductor  detectors. 

To  understand  the  basic  features  of  a  charge-sensitive  preamplifier,  consider  the  basic 
circuit  associated  with  a  semiconductor  detector,  shown  in  Figure  10.35.  The  high-voltage 
(HV)  bias  applied  to  the  detector  is  usually  connected  through 
the  detector  to  the  first  stage  of  the  charge-sensitive  preampli¬ 
fier.  In  Figure  10.35,  Cy  is  the  feedback  capacitor  (~1  pF)  and 
Rfis  the  feedback  resistor  (-1000  MQ).25  The  triangle  with  the 
letter  A  indicates  the  first  stage  of  the  preamplifier,  which  today 
is  usually  a  field-effect  transistor  (FET).  The  FET  is  a  p-n  junc¬ 
tion  with  reverse  bias,  exhibiting  extremely  low  noise.  The  type 
of  coupling  shown  in  Figure  10.35  is  called  dc  coupling.  There 
is  an  ac  coupling,  too,  in  which  the  detector  is  coupled  to  the 
FET  through  a  coupling  capacitor  (see  Nicholson,  1974,  p.  110). 

The  detector  sees  the  FET  stage  as  a  large  capacitor  of 
magnitude  ACj.  As  long  as  ACf^>  C, ,  where  Q  is  the  total  input 
capacitance  consisting  of  the  detector  capacitance  CD,  the  cable 
capacitance,  and  so  on,  the  voltage  at  the  output  of  the  preamplifier  is  equal  to 


Bias 


preamplifier  dc  coupled  to  the  bias  circuit. 


Q 


cf 


(10.31) 
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where  Q,  the  charge  produced  in  the  detector,  is  given  by 


Q 


Ee 


(10.32) 


co 


where 

E  =  energy  of  the  particle 

e  =  electronic  charge  =  16  x  10-19  coulombs 

co  =  average  energy  required  to  produce  one  electron-hole  pair 


The  major  components  of  C,  are  the  detector  capacitance  CD  and  that 
of  the  cables  between  the  detector  and  the  preamplifier.  Both  of  these 


too 


components  are  controlled  by  the  user  to  a  certain  extent. 

The  noise  of  the  charge-sensitive  preamplifier  depends  on  three 
parameters:  the  noise  of  the  input  FET,  the  input  capacitance  C;,  and  the 
resistance  connected  to  the  input.  The  noise  can  be  determined  by  inject¬ 
ing  a  charge  Q,  equivalent  to  E,  into  the  preamplifier  and  measuring  the 
amplitude  of  the  generated  pulse.  Commercial  preamplifiers  are  provided 
with  a  test  input  for  that  purpose.  In  general,  the  noise  expressed  as  the 


External  capacitance  (pF) 


width  (keV)  of  a  Gaussian  distribution  increases  as  input  capacitance 


increases  (Figure  10.36). 


FIGURE  10.36  The  dependence  of  noise 
on  external  capacitance  for  a  typical  charge 
sensitive  preamplifier.  (From  Instruments  for 
Research  and  Applied  Sciences  by  permission 
of  EG  &  G  ORTEC,  Oak  Ridge,  Tennessee.) 


The  output  pulse  of  the  preamplifier  has  a  fast  rise  time  (of  the  order 
of  nanoseconds)  followed  by  a  slow  exponential  decay,  -100  fls  (Figure 
10.37).  The  useful  information  in  the  pulse  is  its  amplitude  and  its  rise 
time.  The  rise  time  is  particularly  important  when  the  signal  is  going  to  be 


used  for  timing.  The  observer  should  be  aware  that  the  rise  time  increases 


with  external  capacitance.  The  preamplifier  pulse  is  shaped  in  the  amplifier  by  the  methods 
described  in  Section  10.6. 


The  sensitivity  (or  gain)  of  a  charge-sensitive  preamplifier  is  expressed  by  the  ratio  VIE, 


v 


where  Vis  given  by  Equation  10.31.  For  a  1-MeV  particle  in  a  germanium  detector,  the  sen¬ 


sitivity  is  (using  Cf~  5  pF) 


t 


V  _  Q  _  Ee  _  e  1.6  x  10~19 


FIGURE  10.37  Typical 
pulse  from  a  charge- 
sensitive  preamplifier. 


~  10  mV/MeV 


E  EC  f  EC  ftp  C/co  (5  x  10~12)(3  x  10-6) 


A  current-sensitive  preamplifier  is  used  to  transform  fast  current  pulses  produced 
by  a  photomultiplier  into  a  voltage  pulse.  The  current-sensitive  preamplifier  is  an 
amplifying  instrument.  The  sensitivity  (or  gain)  of  such  a  unit  is  expressed  as  Voat/iin, 


that  is,  in  mV/mA  with  typical  values  of  the  order  of  500  mV/mA.  The  rise  time  of  the 
pulse  is  -1  ns. 


10.11  AMPLIFIERS 


As  explained  in  Section  1.5.6,  the  amplifier  plays  the  two  roles  of  amplifying  and  shaping 
the  signal.  The  need  for  amplification  is  obvious.  The  output  signal  of  the  preamplifier,  being 
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in  the  range  of  a  few  millivolts,  cannot  travel  very  far  or  be  manipulated  in  any  substantial 
way  without  losing  the  information  it  carries  or  being  itself  lost  in  the  noise.  Commercial 
amplifiers  consisting  of  many  amplification  stages  increase  the  amplitude  of  the  input  sig¬ 
nal  by  as  many  as  2000  times  in  certain  models. 

For  a  good  measurement,  the  amplifier  should  satisfy  many  requirements.26-31  Not  all 
types  of  measurements,  however,  require  the  same  level  of  performance.  For  example,  if  one 
measures  only  the  number  of  particles  and  not  their  energy,  the  precision  and  stability  of 
the  amplification  process  can  be  relatively  poor.  It  is  in  spectroscopy  measurements,  par¬ 
ticularly  measurements  using  semiconductor  detectors,  that  the  requirements  for  precision 
and  stability  are  extremely  stringent.  Since  the  energy  resolution  of  Ge  detectors  is  of  the 
order  of  0.1%,  the  dispersion  of  the  pulses  due  to  the  amplification  process  should  be  much 
less,  about  0.01%. 

An  ideal  spectroscopy  amplifier  should  have  a  constant  amplification  for  pulses  of  all 
amplitudes  without  distorting  any  of  them.  Unfortunately,  some  pulse  dis¬ 
tortion  is  always  present  because  of  electronic  noise,  gain  drift  due  to  tern-  v 


perature,  pulse  pile-up,  and  limitations  on  the  linearity  of  the  amplifier. 


The  effect  of  electronic  noise  on  energy  resolution  was  discussed 
in  Section  9.6.2.  Random  electronic  noise  added  to  equal  pulses  makes 


them  unequal  (see  Figure  9.12).  Gain  drift  of  an  amplifier  is  caused  by  .2? 
small  changes  in  the  characteristics  of  resistors,  capacitors,  transistors,  3  vl 
and  so  on,  as  a  result  of  temperature  changes.  The  value  of  the  gain  drift,  q 


always  quoted  by  the  manufacturer  of  the  instrument,  is  for  commercial 
amplifiers  of  the  order  of  0.005%  per  °C  or  less. 


Since  the  time  of  arrival  of  pulses  is  random,  it  is  inevitable  that  a 
pulse  may  arrive  at  a  time  when  the  previous  one  did  not  fully  decay. 
Then  the  incoming  pulse  “piles  up”  on  the  tail  of  the  earlier  one  and 


Amplifier  input 


FIGURE  10.38  Diagram  used  forthe  def  ni- 


appears  to  have  a  height  different  from  its  true  one.  Pulse  pile-up  tion  of  dif  erential  and  integral  linearity  of  an 


depends  on  the  counting  rate. 


amplif  er.  The  output  signal  of  a  perfect  ampli- 


The  linearity  of  an  amplifier  is  expressed  as  differential  and  integral,  f  er  plotted  versus  input  signal  should  give  the 

Differential  nonlinearity  is  a  measure  of  the  change  in  amplifier  straight  line  shown  ( — ). 
gain  as  a  function  of  amplifier  input  signal.  Referring  to  Figure  10.38, 
the  differential  nonlinearity  in  percent  is  given  by 


In  Equation  10.33,  the  numerator  is  the  slope  of  the  amplifier  gain  curve  at  the  point 
where  the  nonlinearity  is  measured,  and  the  denominator  is  the  slope  of  the  straight  line  as 
shown  in  Figure  10.38. 

Integral  nonlinearity  is  defined  as  the  maximum  vertical  deviation  between  the 
straight  line  shown  in  Figure  10.38  and  the  actual  amplifier  gain  curve,  divided  by  the 
maximum  rated  output  of  the  amplifier.  Referring  to  Figure  10.38,  the  integral  nonlinear¬ 
ity  in  percent  is  given  by 


max 


(10.34) 
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The  integral  nonlinearity  is  one  of  the  specifications  of  commercial  amplifiers  and  has 
a  value  of  about  0.05%  or  less  over  the  range  0-10  V. 

There  are  many  types  of  commercial  amplifiers  designed  to  fit  the  specific  needs  of 
spectroscopic  or  timing  measurements.  Companies  such  as  Canberra,  EG  &  G  ORTEC, 
and  so  on  offer  a  wide  selection  of  such  instruments. 


10.12  ANALOG-TO-DIGITAL  CONVERTERS  (ADC) 

As  discussed  in  Section  9.9,  the  backbone  of  an  MCA  is  the  ADC,  the  unit  that  digitizes 
the  input  pulse  height  and  assigns  it  to  a  specific  channel.  Many  types  of  ADCs  have  been 
developed,  but  the  most  frequently  used  is  the  Wilkinson  type.32 

The  Wilkinson-type  ADC  operates  as  shown  in  Figure  10.39.  When  a  pulse  enters  the 
MCA,  two  events  are  initiated: 

1.  A  capacitor  starts  charging. 

2.  An  input  gate  prevents  the  acceptance  of  another  pulse  until  the  previous  one  is 
fully  processed  and  registered. 

The  capacitor  keeps  charging  until  the  peak  of  the  pulse  is  reached.  At  that  point  in 
time,  two  new  events  are  initiated: 

1.  The  voltage  on  the  charged  capacitor  is  discharged  by  a  constant  current. 

2.  An  oscillator  clock  starts.  The  clock  stops  its  oscillations  when  the  capacitor  is  fully 
discharged. 

The  number  of  oscillations  during  this  time — called  rundown  or  conversion  time — is 
proportional  to  the  pulse  height  and  constitutes  the  information  that  determines  the  chan¬ 
nel  number  in  which  that  pulse  will  be  stored. 


FIGURE  10.39  The  processing  of  the  pulse  in  a  Wilkinson  ADC.  (a)  Input  pulse,  (b)  charge 
capacitor  voltage,  (c)  gate  stops  other  pulses,  (d)  oscillator  clock,  and  (e)  pulse  storage. 
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A  variation  of  this  method  is  shown  in  Figure  10.40.  The  steps  followed  in  this  case  are 
as  follows: 

1.  The  input  pulse  is  stretched  in  such  a  way  that  its  flat  portion  is  proportional  to  its 
height. 

2.  At  the  moment  the  pulse  reaches  its  maximum  (time  £,),  a  linear  ramp  generator  is 
triggered,  producing  a  voltage  C. 

3.  At  the  same  moment  (£,),  a  gate  signal  is  produced  and  an  oscillator  clock  is 
turned  on. 


When  the  voltage  ramp  signal  reaches  the  flat  part  of  the  stretched  pulse  (P),  the  gate 
signal  turns  the  clock  off.  Thus,  the  time  interval  (t2—tj  and,  therefore,  the  number  of  oscil¬ 
lations  during  (f2-fi)  are  again  proportional  to  the  height  of  the  pulse.  This  second  method 
of  ADC  operation  (Figure  10.40)  is  not  favored  because  it  is  difficult  to  keep  the  pulse  height 
constant  for  the  time  interval  {t2-t^}. 

Figure  10.39  shows,  in  addition  to  the  principle  of  operation  of  the  Wilkinson  ADC,  the 
reason  for  the  dependence  of  the  MCA  dead  time  on  the  channel  number.  The  dead  time 
consists  of  three  components: 


FIGURE  10.40  The 
processing  of  the  pulse  by 
the  ADC.  (a)  Input  pulse, 
(b)  input  pulse  stretched; 
flat  part  proportional  to 
pulse  height,  and  (c)  ramp 
voltage  and  oscillator 
clock  start  at  f,. 


1.  Pulse  rise  time 

2.  Conversion  time 

3.  Memory  cycle  time  (time  it  takes  to  store  the  digitized  signal) 


Of  the  three  components,  the  second  is  the  most  important  because  it  depends  on 
the  channel  number.  One  can  reduce  the  size  of  the  conversion  time  by  using  a  clock  with 
higher  frequency.  Today’s  ADCs  use  quartz-stabilized  clocks  with  a  frequency  of  up  to 
450  MHz.  Obviously,  for  a  Wilkinson  ADC,  the  higher  the  clock  frequency  is,  the  shorter 
the  dead  time  will  be.  The  equation  for  dead  time  is  written  as 

t(C)  =a1  +  0.01(C  +  X)  ps  (10.35) 

where  a  typical  value  of  ax  is  1.5  ps,  C  =  address  (channel)  count,  and  X  =  effective  digital 
offset.33  The  digital  offset  is  a  capability  offered  by  modern  ADCs  of  subtracting  a  cer¬ 
tain  number  of  channels  from  the  converted  channel  number  before  the  data  are  intro¬ 
duced  into  the  memory.  One  application  of  digital  offset  is  to  enhance  resolution  in  a 
measurement  performed  with  a  small  MCA.  For  example,  with  a  1000-channel  MCA  and 
an  8000-channel  ADC,  a  7000  digital  offset  allows  data  to  be  recorded  for  the  top  eighth 
of  the  spectrum  only.  A  fixed  dead  time  (FDT)  ADC  has  also  been  developed  for  certain 
applications.33 

The  resolution  of  an  ADC  is  expressed  in  terms  of  channels.  It  represents  the  maxi¬ 
mum  number  of  discrete  voltage  increments  into  which  the  maximum  input  pulse  can 
be  subdivided.  ADC  resolutions  range  from  4096  to  16,384  channels.  Since  commercial 
amplifiers  can  provide  a  maximum  10  V  pulse,  an  ADC  with  a  resolution  of  4096  channels 
may  subdivide  10  V  into  4096  increments.  Another  quantity  used  is  the  conversion  gain  of 
the  ADC.  The  conversion  gain  may  be  considered  as  a  subset  of  the  resolution.  An  ADC 
with  a  resolution  of  16,384  channels  may  be  used,  depending  on  the  application,  with  a 
conversion  gain  of  4096,  8192,  or  16,384  channels. 
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The  accuracy  of  the  ADC  is  expressed  in  terms  of  its  differential  and  integral 


nonlinearity.  The  differential  nonlinearity  describes  the  uniformity  of  address  widths 


over  the  entire  range  of  the  ADC.  To  make  this  point  better  understood,  assume  that 
a  1000-channel  ADC  is  used  to  process  pulses  with  maximum  height  of  10  V.  Then 
the  average  address  width  is  10/1000  =  10  mV/channel.  The  ideal  ADC  should  provide  a 
conversion  of  10  mV/channel  at  any  channel.  Any  deviation  between  this  width  and  the 
actual  one  is  expressed  by  the  differential  nonlinearity.  Mathematically,  if 


V  =  average  width 


AV^ax  =  maximum  width 
AVTin  =  minimum  width 


then  the  differential  nonlinearity  is  given  by 


%  Differential  nonlinearity 


(10.36) 


V 


Commercial  ADCs  have  differential  nonlinearity  of  the  order  of  ±0.5%  to  +1%. 


The  integral  nonlinearity  is  defined  as  the  maximum  devi¬ 
ation  of  any  address  (ADC  channel)  from  its  nominal  position, 
determined  by  a  linear  plot  of  address  (ADC  channel)  versus 
input  pulse  amplitude  (Figure  10.41).  The  maximum  pulse 
height  Vmix  corresponds  to  the  maximum  address  Nmax.  If  N 
is  the  address  number  with  the  maximum  deviation  between 


ADC  channel  the  actual  and  nominal  pulse  heights,  the  integral  nonlinearity 


o 


N 


K 


max 


is  given  by 


FIGURE  10.41  The  definition  of  integral  nonlinearity 
is  based  on  a  linear  plot  of  ADC  channel  versus  pulse 
amplitude. 


%  Integral  nonlinearity  =  ^nom — x  100 


nom 


(10.37) 


max 


Modern  commercial  ADCs  have  integral  nonlinearity  of  the  order  of  ±0.05%  over 
98-99%  of  the  full  range. 

The  integral  nonlinearity  affects  the  centroid  position  of  energy  peaks,  which  in  turn 
affects  the  calibration  of  the  system  as  well  as  the  identification  of  unknown  energy  peaks. 


10.13  MULTIPARAMETER  ANALYZERS 


The  MCA  is  an  instrument  that  stores  events  by  a  single  parameter,  namely,  pulse  height. 
When  the  need  arises,  however,  there  are  many  experiments  for  the  study  of  events  in 
terms  of  more  than  one  parameter.  Such  requirements  occur  in  the  following: 

1.  Coincidence  measurements  where  the  energy  spectrum  from  both  detectors  needs 
to  be  analyzed 
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2.  Simultaneous  measurement  of  energy  and  mass  distribution  of  fission  fragments 

3.  Study  of  energy  and  angular  dependence  involving  many  particles  emitted  after  a 
nuclear  reaction,  and  so  on 

The  “direct”  method  of  multiparameter  analysis  would  be  to  use  an  arrangement  such 
that  all  parameters  but  one  are  limited  to  a  narrow  range  (by  using  a  single-channel  ana¬ 
lyzer)  and  the  remaining  parameter  is  recorded  by  an  MCA.  After  an  adequate  number  of 
events  have  been  recorded,  the  value  of  one  of  the  fixed  parameters  is  changed,  and  the 
measurement  is  repeated.  This  process  continues  until  all  values  of  all  parameters  are  cov¬ 
ered.  Obviously,  such  an  approach  is  cumbersome  and  time  consuming. 

A  more  efficient  way  of  performing  the  measurement  is  by  storing  the  information 
simultaneously  for  more  than  one  parameter.  For  example,  consider  a  coincidence  mea¬ 
surement  involving  two  detectors  (Figure  10.42).  The  detector  signals  are  fed  into  a  coin¬ 
cidence  unit,  which  then  is  used  to  gate  the  corresponding  ADCs.  The  amplified  detector 
pulses  that  are  coincident  are  thus  digitized  by  the  ADCs,  and  the  information  is  stored  in 
the  memory  of  the  system.  Any  event  that  reaches  the  memory  is  defined  like  a  point  in  a 
two-dimensional  space.  For  example,  if  a  pulse  from  ADC1  has  the  value  65  (i.e.,  ADC  chan¬ 
nel  65)  and  one  from  ADC2  has  the  value  18,  the  event  is  registered  as  6518  (assuming  100 
channels  are  available  for  each  parameter).  The  measured  data  may  be  stored  in  the  com¬ 
puter,  for  subsequent  analysis,  and  may  also  be  displayed  on  the  screen  of  the  monitor  for 
an  immediate  preliminary  assessment  of  the  results.  A  dual-parameter  system  as  described 
above  is  shown  in  Figure  10.42. 

One  of  the  difficulties  with  multiparameter  measurements  is  to  secure  sufficient 
memory  capacity  to  register  all  possible  events.  The  necessary  storage  increases  exponen¬ 
tially  with  the  number  of  parameters.  For  a  k  parameter  measurement  with  N  channels  per 
parameter,  the  capacity  of  the  memory  should  be  Nk.  Thus,  a  two-parameter  system  with 
100  channels  per  parameter  needs  104  memory  locations.  If  both  parameters  are  registered 
in  1000  channels,  the  requirements  are  106  locations. 

Some  recent  applications  of  multiparameter  systems  include:  7Be  analyses  in  sea¬ 
water  by  low-background  gamma  spectroscopy,34  a  dual-purpose  Compton  suppression 
spectrometer,35  application  of  multidimensional  spectrum  analysis  for  neutron  activa¬ 
tion,36  application  of  neutron  well  coincidence  counting  for  plutonium  determination  in 
mixed  oxide  fuel  fabrication  plant,37  and  deconvolution  (separation  of  overlapping  signals 
by  mathematical  algorithms)  of  three-dimensional  beta-gamma  coincidence  spectra  from 
xenon  sampling  and  measurement  units.38 


FIGURE  10.42  A  two-parameter  measurement. 
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10.14  HIGH  COUNT  RATES 

Since  the  mid-1990s,  there  has  been  a  concerted  effort  to  develop  hardware  and  software 
modules  that  can  alleviate  the  problem  of  counting  losses  due  to  dead  time  that  become 
significant  when  the  counting  rates  are  elevated  (see  Section  2.21).  A  detailed  review  article 
on  this  subject39  has  been  published.  While  this  effort  has  been  done  for  Ge  detectors,  it 
has  applications  in  all  nuclear  spectroscopy  systems.40  This  technique  can  be  employed  for 
diminishing  high  count  rates,  such  as  very  short-lived  isotopes  or  stable  high  count  rates  for 
longer-lived  ones.  The  basic  assumption  of  this  technique  is  that  either  the  dead-time  sys¬ 
tem  is  extended  (known  as  Loss  Free  Counter)41  or  by  forcing  the  live-time  counter  to  count 
backwards  (known  as  Zero  Deadtime  Counting).42  Both  systems,  which  are  marketed  by 
Canberra33  and  ORTEC,43  have  been  very  successful.  Pomme44  has  found  that  there  is  sta¬ 
tistical  control  of  both  systems. 


10.15  DIGITAL  PROCESSING 

The  other  major  electronic  innovation  in  nuclear  spectroscopy  has  been  the  development 
of  digital  processing  to  replace  the  standard  ADCs.  In  the  ORTEC33  and  Canberra43  sys¬ 
tems,  all  the  needed  modules  are  assimilated  into  one  simple  box.  This  also  includes  the 
power  supply  and  high  voltage.  Thus,  there  is  no  need  for  bulky  nuclear  instrumentation 
bins  (NIM)  to  house  the  individual  components.  These  systems  can  be  integrated  to  all 
existing  detector  technologies.  These  systems  are  very  well  suited  for  most  spectros¬ 
copy  systems  in  teaching  and  research.  Other  specific  references  include  a  digital  signal 
processing  module  for  gamma-ray  tracking  detectors,45  a  comparison  of  pulsar-based 
analog  and  digital  spectrometers,46  advanced  compact  accelerator  neutron  generator 
technology  for  active  neutron  interrogation  field  work,47  automatic  activation  analysis,48 
and  comparison  of  the  precision  and  accuracy  of  digital  versus  analog  y-ray  spectromet- 
ric  systems.49 

10.16  DATA  MANIPULATION 

Raw  experimental  data  seldom  give  the  answer  to  the  problem  that  is  the  objective  of  the 
measurement.  In  most  cases,  additional  calculations  or  analysis  of  the  raw  data  is  neces¬ 
sary.  The  analysis  of  the  raw  data  may  consist  of  a  simple  division  of  the  counts  recorded 
in  a  scaler  by  the  counting  time  to  obtain  counting  rates,  may  require  fitting  an  analytical 
function  to  the  data,  or  may  necessitate  unfolding  of  a  measured  spectrum.  Advances  in 
software  has  made  all  permutations  of  data  handling  very  easy  to  use;  everything  from  least 
square  fitting  to  unfolding  of  complicated  spectra  are  now  readily  attainable  (see  Chapter 
11  for  more  details). 

10.17  INTERNATIONAL  ATOMIC  ENERGY  AGENCY 
NUCLEAR  ELECTRONICS  MANUALS 

The  International  Atomic  Energy  Agency  (IAEA)  through  its  website  www.iaea.org  hosts 
a  large  number  of  free  technical  documents  on  various  aspects  of  training  in  nuclear 
electronics  and  troubleshooting.  These  training  manuals  are  an  excellent  resource  for 
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beginners  and  advanced  personnel  studying  electronics  for  nuclear  applications.  Some 
of  the  titles  include  selected  topics  in  nuclear  electronics,50  nuclear  electronics,  nuclear 
electronics  laboratory  manual,51  signal  processing  and  electronics  for  nuclear  spectrom¬ 
etry,52  trouble  shooting  in  nuclear  instruments,53  and  quantifying  uncertainty  in  nuclear 
analytical  instruments.54 
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PROBLEMS 


10.1  Prove  that  the  phase  difference  between  voltage  and  current  maximum  values  in 
an  RC  circuit  is  given  by  cp  =  tarn1  (l/RCoi). 

10.2  Prove  that  the  phase  difference  between  voltage  and  current  maximum  values  in 
an  LR  circuit  is  given  by  cp  =  tarn1  (Lm/R). 

10.3  Prove  that  (a)  the  phase  difference  between  voltage  and  current  maximum  values 
in  an  RCL  circuit  is  given  by 


coI-(l/coC) 

<p  =  tan  - - - - 

R 

and  (b)  the  impedance  is  given  by  Z  =  +  [coL  -  (1/coC)]2. 

10.4  Prove  that  the  output  signal  of  a  differentiating  circuit  is,  for  a  step  input,  equal  to 


V0{t)  =  Vie-t/RC 

10.5  Show  that  the  output  signal  of  a  differentiating  circuit  is  given  by 


V0  (f)  =  —RC(  l-e~t,RC) 

X 

when  the  input  signal  is  given  by  1 /  (f)  =  VttlT,  i.e.  a  linearly  increasing  signal,  0  <  t  <  X. 

10.6  Show  that  the  output  signal  of  an  integrating  circuit  is,  for  a  step  input,  equal  to 

V0(t)  =  Vj(l  -  e~t/RO) 

10.7  Show  that  the  output  signal  of  a  differentiating  circuit  is  given  by 


v0(t)  =  vi- 


1 


1  -  x IRC 

when  the  input  signal  is  Vt  (1  -  e~t!x). 


(e 


-t/RC  -f/x 


-  e-‘n) 


10.8  A  coincidence  measurement  has  to  be  performed  within  a  time  T.  Show  that  the 
standard  deviation  of  the  true  coincidence  rate  is  given  by 


a' = 


r„  +  r,  +  Jr, 


where  ra  =  accidental  coincidence  rate  and  rt  =  true  coincidence  rate. 
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11.1  INTRODUCTION 

Raw’  experimental  data  seldom  give  the  answer  to  the  problem  that  is  the  objective  of  the 
measurement.  In  most  cases,  additional  calculations  or  analysis  of  the  raw  data  is  neces¬ 
sary.  The  analysis  of  the  raw  data  may  consist  of  a  simple  division  of  the  counts  recorded 
in  a  scaler  by  the  counting  time  to  obtain  counting  rates,  may  require  fitting  an  analytical 
function  to  the  data,  or  may  necessitate  unfolding  of  a  measured  spectrum. 

Much  of  the  current  work  in  data  analysis  in  nuclear  instrumentation  revolves  around 
three  main  areas.  The  first  is  the  folding  and  unfolding  of  energy  spectra  such  as  in  x-ray, 
gamma-ray,  and  neutron  spectroscopy.  The  second  is  the  quality  control  of  data  acquisition 
systems  and  the  third  is  the  assignment  of  errors  and  detection  limit  values.  The  latter  can 
have  important  consequences  within  various  regulatory  agencies. 

In  the  second  edition  of  this  book,  a  significant  amount  of  space  was  given  to  curve 
fitting,  interpolation  scheme,  least-squares  fitting  and  data  smoothing,  and  folding  and 
unfolding  of  energy  spectra.  With  the  advent  of  very  powerful  statistical  packages  such 
as  EXCEL,  SPSS  (Statistical  Packages  for  Social  Scientists),  and  SAS  (Statistical  Analysis 
Software)  to  name  but  a  few,  routinely  offered  with  desktop  and  laptop  computers,  many  of 
these  operations  are  now  easily  handled.  For  the  sake  of  completeness  and  historical  value, 
we  have  left  the  original  chapter  unchanged  with  the  exception  of  adding  a  new  section  on 
total  quality  management,  including  quality  assurance  and  quality  control  and  also  adding 
a  few  new  references. 


Raw  data  consist  of  the  numbers  obtained  by  a  measuring  device,  for  example,  a  scaler,  a  clock,  a  voltmeter,  a 
thermocouple,  and  so  on. 
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11.2  CURVE  FITTING 

The  results  of  most  experiments  consist  of  a  finite  number  of  values  (and  their  errors)  of  a 
dependent  variable  y  measured  as  a  function  of  the  independent  variable  x  (Figure  11.1).  The 
objective  of  the  measurement  of  y=y(x)  may  be  one  of  the  following: 


1.  To  find  how  y  changes  with  x 

2.  To  prove  that  y  =  y(x)  follows  a  theoretically  derived  function 

3.  To  use  the  finite  number  of  measurements  of  y(x)  for  the  evaluation  of  the  same 
function  at  intermediate  points  (interpolation)  or  at  values  of  x  beyond  those  mea¬ 
sured  (extrapolation) 


FIGURE  11.1  Experimental  results  consist  of  the  values  of 
the  dependent  variable  y(x)  and  their  errors.  The  curve  was 
drawn  to  help  the  eye. 


These  objectives  could  be  immediately  achieved  if  the 
function  y(x)  were  known.  Since  it  is  not,  the  observer  tries  to 
determine  it  with  the  help  of  experimental  data.  The  task  of 
obtaining  an  analytical  function  that  represents y(x)  based  on 
measured  data  is  called  curve  fitting. 

The  first  step  in  curve  fitting  is  to  plot  the  data  (y  vs.  x) 
on  linear  graph  paper  (Figure  11.1).  A  smooth  curve  is  then 
drawn,  following  as  closely  as  possible  the  general  trend  of 
the  data  and  trying  to  have  an  equal  number  of  points  on 
either  side  of  the  curve.  The  experimental  points  always 
have  an  error  associated  with  them,  so  the  smooth  curve 
is  not  expected  to  pass  through  all  the  measured  (x,  y) 
points.  Obviously,  there  is  no  guarantee  that  the  smooth 
curve  so  drawn  is  the  “true”  one.  Criteria  that  may  help  the 
observer  draw  a  curve  with  a  certain  degree  of  confidence 
are  then  needed.  Such  criteria  exist  and  are  described  in 
Section  11.4. 

After  the  data  are  plotted  and  a  smooth  curve  is  drawn, 
the  observer  has  to  answer  the  following  two  questions: 


1.  What  type  of  function  would  represent  the  data  best  (e.g.,  exponential,  straight  line, 
parabola,  logarithmic)? 

2.  After  the  type  of  function  is  decided  upon,  how  can  one  determine  the  best  values 
of  the  constants  that  define  the  function  uniquely? 


Since  there  exist  an  infinite  number  of  functions,  the  observer  would  like  to  have  cer¬ 
tain  criteria  or  rules  that  limit  the  number  of  possible  functions.  While  no  such  formal  set 
of  criteria  exists,  the  following  suggestions  have  proved  useful. 

First,  the  observer  should  utilize  any  a  priori  knowledge  about  y(x)  and  x.  Examples  are 
restrictions  of  x  and  y  within  a  certain  range  (e.g.,  in  counting  experiments,  both  x  and  y 
are  positive)  or  information  from  theory  that  suggests  a  particular  function  (e.g.,  counting 
data  follow  Poisson  statistics). 

Second,  the  observer  should  try  the  three  simple  expressions  listed  next,  before  any 
complicated  function  is  considered. 
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1.  The  linear  relation  (straight  line) 

y{x)=ax  +  b  (11.1) 

where  a  and  b  are  constants  to  be  determined  based  on  the  data.  A  linear  relation¬ 
ship  will  be  recognized  immediately  in  a  linear  plot  of y(x)  versus*. 

2.  The  exponential  relationship 

y(x)  =  aebx  (constant  b  may  be  negative  or  positive)  (11.2) 

If  the  data  can  be  represented  by  such  a  function,  a  plot  on  semilog  paper— that 
is,  a  plot  of  in  y  versus  * — will  give  a  straight  line. 

3.  The  power  relationship 


y(x)  =  axb  (11.3) 

If  the  data  can  be  represented  by  this  expression,  a  plot  on  log-log  paper— that  is,  a  plot 
of  in  y  versus  in  * — will  give  a  straight  line. 

Third,  the  observer  should  know  that  a  polynomial  of  degree  N  can  always  be  fitted 
exactly  to  N  +  1  pieces  of  data  (see  also  Sections  11.3  through  11.5). 

If  no  satisfactory  fit  can  be  obtained  by  using  any  of  these  suggestions,  the  analyst 
should  try  more  complicated  functions.  Plotting  the  data  on  special  kinds  of  graph  paper, 
such  as  reciprocal  or  probability  paper,  may  be  helpful.  After  the  type  of  function  is  found, 
the  constants  associated  with  it  are  determined  by  a  least-squares  fit  (see  Section  11.4). 

There  is  software  now  available  that  accepts  a  table  of  data  points  as  input  and  tests 
possible  fits  of  this  data  set  to  a  large  number  of  analytical  functions.  At  the  end  of  the  oper¬ 
ation,  both  the  functions  representing  the  best  fit  and  a  degree  of  "confidence”  are  provided. 

11.3  INTERPOLATION  SCHEMES 

It  was  mentioned  in  Section  11.2  that  one  of  the  reasons  for  curve  fitting  is  to  be  able  to 
evaluate  the  function  y(x)  at  values  of  *  for  which  measurements  do  not  exist.  An  alterna¬ 
tive  to  curve  fitting  that  can  be  used  for  the  calculation  of  intermediate  y(x)  values  is  the 
method  of  interpolation.  This  section  presents  one  of  the  basic  interpolation  techniques— 
the  Lagrange  formula.  Many  other  formulas  exist  that  the  reader  can  find  in  the  bibli¬ 
ography  of  this  chapter  (e.g.,  see  Hildebrand,  and  Abramowitz  and  Stegan’s  Handbook  or 
Mathematical  Functions ). 

Assume  that  N  values  of  the  dependent  variable  y(x)  are  known  at  the  N  points  xv 
xa  <  xt  <  xb  for  i  =  1, ...,  N.  The  pairs  of  data  (yit  *,)  for  i  =  1, ...,  N,  where  y(xt)  =yit  may  be  the 
results  of  an  experiment  or  tabulated  values.  Interpolation  means  to  obtain  a  value  y(x)  for 
xa<x<xb  based  on  the  data  (yt,  *,),  when  the  point  *  is  not  one  of  the  N  values  for  which 
y(x)  is  known. 

The  Lagrange  interpolation  formula  expresses  the  value  y(x)  in  terms  of  polynomials 
(up  to  degree  N  -  1  for  IV  pairs  of  data).  The  general  equation  is 

M 

y(x)  =  ^ Pj{x)y{Xj),  M  <  N  - 1  (11.4) 

i=0 
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where 


Pi(x) 


n 


i=o,j*  i 


(x  -  Xj ) 


n: 


j=0,j*l 


(Xi  ~  xA 


(11.5) 


The  error  associated  with  Equation  11.4  is  given  by 

1“T  M+l/fc\ 

Error [y{x)\  =  ]^[(x  -  Xj)  y  ^ M  <  N  -1  (11.6) 

where  yM+1©  is  the  (M  +  1)  derivative  oiy{x)  evaluated  at  the  point  ^,xa  <^<xb.  Since  y{x) 
is  not  known  analytically,  the  derivative  in  Equation  11.6  has  to  be  calculated  numerically. 

Equation  11.4  is  the  most  general.  It  uses  all  the  available  points  to  calculate  any  new 
value  of y(x)  forxa  <x<xb.  In  practice,  people  use  only  a  few  points  at  a  time,  as  the  follow¬ 
ing  two  examples  show. 


r 


EXAMPLE  11.1 

Derive  the  Lagrange  formula  for  A4  =  1. 


Answer 

If  M  =  1,  Equation  11.4  takes  the  form  (also  using  Equation  11.5) 


y(x)  =  ^/)(x)y(x,) 
/= o 


X  -  X, 
x0  -  X, 


y  o  + 


x  -  Xp 
X,  -  x0 


y  i 


(11.7) 


where  yi  =  y(xi).  The  points  x0  and  x,  could  be  anywhere  between  xa  and  xb,  but  the 
point  x  should  be  x0  <x  <x,. 


To  calculate  y{x)  at  anyx,  Equation  11.7  uses  two  points,  one  on  either  side  ofx,  and  for 
this  reason,  it  is  called  the  Lagrange  two-point  interpolation  formula.  Equation  11.7  may  be 
written  in  the  form 


y(x )  =  y0  +  — — —  (yi  -  y0) 

X\  Xq 


(11.8) 


which  shows  that  the  two-point  formula  amounts  to  a  linear  interpolation. 

The  error  associated  with  the  two-point  formula  is  obtained  from  Equation  11.6: 

y®(?) 

Error[y(x)]  =  (x  -  x0){x  -  x{)— - — 
where  y(2)(^)  is  the  second  derivative  evaluated  at  x0  <  t,  <  xv 
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r 


EXAMPLE  11.2 

Derive  the  Lagrange  formula  for  M  =  2. 


Answer 

If  M  =  2,  Equation  1 1 .4  takes  the  form 


2 

y(x)  =  JyKxlyfx,) 

i=0 


(x  -  x,)(x  -  x2)  ,  (x  -  x0)(x  -  x2) 

- /0  "I - / 1 

(x0  -  x,)(x0  -  X2)  (X!  -  x0)(x,  -  x2) 


(x  -  x0)(x  -  xd 
(x2  -  x0)(x2  -  x,r 


(11.9) 


J 


To  calculate  y(x)  at  any  point  x,  Equation  11.9  uses  three  points  x0,  xv  x2with  x0  <x  <  x2, 
and  is  called  the  Lagrange  three-point  interpolation  formula.  The  three-point  formula 
amounts  to  a  parabolic  representation  of  the  function  y{x )  between  any  three  points. 

The  error  associated  with  the  three-point  formula  is  (applying  again  Equation  11.6) 


Error[y(x)]  =  (x  -  x0)(x  -  x2)(x  -  x2) 


/3)© 

3! 


where  y(3)(^)  is  the  third  derivative  evaluated  at  x0  <  t,  <  x2. 


r 


EXAMPLE  11.3 


Calculate  the  value  of  the  function  f(x)  at  x=  11.8  and 
the  associated  interpolation  error  based  on  the  data 
shown  in  the  table  below  using  the  Lagrange  two-  and 
three-point  interpolation  formulas.  The  data  are  plot¬ 
ted  in  Figure  11.2. 


X 

«x) 

10 

30.5 

ii 

33.0 

12 

35.8 

13 

36.7 

14 

37.2 

Answer 

a.  Using  the  two-point  formula  (Equation  11.7), 
one  has  x0  =  11,  x,  =  12,  y0  =  33.0,  y,  =  35.8. 


FIGURE  11.2  A  plot  of  the  data  used  in  Example  11.3. 


y(x)  =  y(1  1 .8)  =  — — —(33.0)  +  — — —(35.8)  =  35.2 
7  x  11-12  12-11 
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b.  Using  the  three-point  formula  (Equation  11.9),  one  has  x0  =  11,  x,  =  12,  x2  =  13,  y0  =  33,  y,  =  35.8,  y2  =  36.7. 


y(1 1 .8)  = 


(11.8-12)(11.8-13) 


(33) 


(11.8-11)01.8-13) 


(11-12)01-13) 
(11.8-11)01.8-12) 
(13-11)03-12) 


(12-1 1)(1 2-13) 
(36.7)  =  3.96  +  34.37  - 


(35.8) 


2.94  =  35.4 


The  error  of  y(x)  associated  with  the  interpolation  is,  for  the  first  case  only, 


Error[y(x)]  =  (x  -  x0)(x  -  x,) 


y(2)© 


The  second  derivative  evaluated  at  ^  =  —  (x0  +  x,)  is 


_  4(y,  -  2y  +  y0) 
X  'S/  , 

(XI  —  Xq) 


Thus,  the  error  is 


,  r  i  m  mo  nviiQ  4(35.8 -2(35.2) +  33) 
Error[y(x)]  =  (11.8  —  1 1)(1 1.8-1 2) - ^ - =  0.51 2 


or  0.512/35.2=0.014  =  1.4%. 


J 


11.4  LEAST-SQUARES  FITTING 

Assume  that  an  observer  obtained  the  experimental  data yi  =  y{xi)\i  =  1,  N.  It  is  often  desir¬ 
able  to  find  a  function  that  can  represent  the  data,  that  is,  to  find  a  function  that  can  be 
fitted  to  the  data.  Let  such  a  function  be  written  as 


f(x,  av  a2, ...,  aM),  M  <N 

where  am\m  =  1,  M  are  parameters  to  be  determined.  According  to  the  method  of  least 
squares,  the  best  values  of  the  parameters  aM  are  those  that  minimize  the  quantity 

N 

Q  =  ^Wihi  -  f(Xi)f  (11.10) 

1=1 

where  w\i  =  1,  TV  are  weighting  functions.  Minimization  of  Q  is  achieved  by  requiring 

^-  =  0,  m  =  l,...,M  (11.11) 

oam 
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Before  Equation  11.11  is  solved,  it  should  be  pointed  out  that  the  observer  decides 
about  the  form  of  the  function /(x)  and  the  weighting  functions  wr  The  form  of f(x)  is 
obtained  by  the  curve-fitting  methods  discussed  in  Section  11.2.  The  weighting  func¬ 
tions  are  selected  based  on  the  type  of  data  and  the  purpose  of  the  fit.  For  example,  if 
the  data  are  the  result  of  a  counting  experiment,  w,  =  l/o,2,  where  o,  is  the  standard 
deviation  of  yt. 

There  are  two  types  of  least-squares  fit,  linear  and  nonlinear.  Linear  least-squares  fit  is 
based  on  a  function/(x)  of  the  form 


M 

f  ( X ,  U\ ,  U2 )  •  •  • )  CIm  )  = 


(11.12) 


where  the  §m(x)  are  known  functions  oix. 

Nonlinear  least-squares  fit  is  based  on  a  function  f(x )  nonlinear  in  am,  such  as 

f{x,  a^j  . ..,  ufi)  —  cosla^x) 


The  interested  reader  should  consult  the  bibliography  of  this  chapter  (see  Bevington, 
1969)  for  further  information  on  nonlinear  least-squares  fit. 

For  a  linear  least-squares  fit,  the  parameters  am\m  =  1  ,M  are  determined  from  Equation 
11.11,  with  Equation  11.12  giving  the  form  of f(x).  The  result  is 


dQ 


tv  1VI 

Vi  -  ^Jlm§m{Xi) 


>,  k  =  1,...,M 


(11.13) 


If  one  defines 


N 

Am  =  '^jwi§k{xi)§m{xi),  =  (11.14) 

1= 1 

N 

Bk  =  ^WjyAiXj),  k  =  1, . . .,  M  (11.15) 

i=l 


then  Equation  11.13  takes  the  form 

M 

^  Akmam  =  Bk,  k  =  (11.16) 

m= 1 


Equation  11.16  forms  a  system  of  M  linear  nonhomogeneous  equations  for  the  M 
unknowns  am\m  =  1  ,M  and  can  be  solved  by  using  any  of  the  standard  methods  (e.g., 
Kramer’s  rule).  In  matrix  notation,  the  solution  is 

am  =  A-1B  (11.17) 

where  A  and  B  are  matrices  with  elements  given  by  Equations  11.14  and  11.15. 
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If  the  function  f(x)  is  a  polynomial,  then 


M 

f  ( X ,  CL\ ,  U2  j . . .  j  CLm  )  — 

m= 1 


Equations  11.14  and  11.15  take  the  form  [since  §k(x)  =  xk~l\ 

Am  = 

i 

A  =  'y'wjyjX^1 


(11.18) 


(11.19) 

(11.20) 


The  notation  used  in  Equations  11.19  and  11.20  and  in  the  next  section  is 

N 

I  -I 

i= 1  i 

1 1 .4.1  Least-Squares  Fit  for  a  Straight  Line 

If  the  function  represented  by  Equation  11.18  is  a  straight  line,  then 


j\x ,  a  | ,  ^2)  —  ^1  i 

Thus,  Equations  11.19  and  11.20  become 

Ai  =  A2  =  =  4>i>  Aa  = 

Z  i  i 

B]  =  B2  = 

i  i 


Then,  Equation  11.16  takes  the  forms 


A n^i  A^2^2  —  ^1 
A  21^1  +  A  22^2  =  -^2 


which  are  solved  to  give 


— 


D 


V  i 
f 


f  \  f 

wtxf 

V  i  J  V  i 


£?2  — 


D 


Y  A  / 


Y  i  /v  i 


/  Y  * 


i  A  i 

Y  ^ 


'  Y  i  / 


and 


£>  = 


r  Y 

v  i  / 


(11.21) 


(11.22) 


(11.23) 


(11.24) 
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The  variance  of  a1  and  a2  is  obtained  by  using  the  principle  of  propagation  of  error 
presented  in  Chapter  2. 


0 


2 

dm 


m  -  1,2 


(11.25) 


where  ay  =  standard  error  of  yt  =  0,. 

In  many  cases,  the  standard  deviation  oiyt  defines  the  weighting  functions,  and  specifi¬ 
cally,  analysts  use 


Wi  = 


1 


Then,  Equation  11.25  gives 


(11.26) 


(11.27) 


where  D  is  given  by  Equation  11.24.  Equations  11.22  through  11.27  are  further  simplified  if 
all  the  0,  have  the  same  value. 

11.4.2  Least-Squares  Fit  for  General  Functions 

A  linear  least-squares  fit  may  be  used  with  functions  such  as  the  exponential  (y  =  aebx ) 
or  the  power  relationship  (y  =  axb)  after  an  appropriate  transformation  of  variables.  For 
example,  the  exponential  function  can  be  written  as 

\ny  =  lna  +  bx  (11.28) 

which  is  of  the  form  given  by  Equation  11.21  after  setting 

y'  =  In  y,  a[  =  In  a,  a’2  =  b 

When  the  variable  is  transformed,  it  is  necessary  to  obtain  the  standard  deviation  of 
the  new  variable.  In  general,  if  one  sets 


y'=g(y) 


then  the  standard  deviation  of  y'(x)  is 


0  = 


dgiyi)  „ 
dyt  1 


(11.29) 
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TABLE  11.1 

Functions  That  Can  Be  Changed  into  a  Form  Suitable  for  a 
Linear  Least-Squares  Fit 


Function  y(x) 

y  =  aebx 
y  =  axb 

y  =  a  exp[-(x  -  a)2/ 2c2] 
y  =  o,  +  OjX*  +  a3x2b 
y  =  +  a2xbl 


Transformation 

y'  =  Inyo'  =  In  a 
/  =  Inyo'  =  In  ax'  =  Inx 
/  =  Iny 
x'  =  xb 

y'  =  yx~\  x'  =  xfa-t’1 


Function  Used  in  the 
Least-Squares  Fit 

/  =  o'  +  bx 
/  =  o'  +  fax' 

/  =  o,  +  oyr  +  o3x2 
y'  =  o,  +  OjX  +  o3/2 

/  =  O,  +  Oj/ 


In  the  example  given  above,  y'  =  In  y  and 


o'  = 


cKlnjd 
dji  ‘  yi 


(11.30) 


Therefore,  if  a  transformation  is  applied  to  the  function,  all  the  O,  in  Equations  11.26 
and  11.27  should  be  replaced  by  the  values  given  by  Equation  11.30. 

If  the  parameters  am  are  transformed,  the  standard  deviation  of  the  new  constant  is 
again  determined  by  Equation  11.29.  In  the  example  given  above,  a'  =  In  a  and 

0*  =  —  (11-31) 

a 

Table  11.1  presents  a  number  of  functions  that  can  be  cast  into  a  linear  (or  polynomial) 
form  by  a  transformation  of  variables.  It  should  be  emphasized  that  although  the  functions 
shown  in  Table  11.1  are  not  linear  in  x,  the  least-squares  fit  is  still  linear.  An  example  of  a 
function f(x,  av  ...)  that  represents  a  nonlinear  least-squares  fit  is 

J'iyCj  . . .)  —  cos(^2-^) 


r 


EXAMPLE  11.4 

The  following  table  gives  neutron-absorption  cross-section  values  and  their  errors  as  a 
function  of  neutron  kinetic  energy.  Determine  the  analytical  function  that  fits  this  data  set. 


T„(eV) 

Error (b) 

1 

1000 

50 

4 

540 

23 

10 

290 

19 

20 

225 

15 

50 

160 

11 

80 

108 

10 

100 

105 

9 
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Answer 

If  one  plots  the  data  on  log-log  paper,  the  result  is  very  close  to  a  straight  line  (see 
Figure  11.3).  Therefore,  the  function  to  use  is 

In  cr,  =  a,  +  a2  In  Tn 

If  one  takes  w,  =  1/a,2  and  applies  Equations  11.22  through  11.27,  the  result  is 

a,  =  6.925,  a2  =  -0.495,  ^  =  0.6% 

a\ 

aa,  =  0.039,  a„,  =  0.015,  ^  =  3% 

a2 

Based  on  these  constants,  the  function  is  Ina  =  6.925  -  0.495  InT.  Solving  for  a,  this 
expression  takes  the  form:  a(b)  =  1017.4*7  (eV)_0  495  (see  Problem  11.5). 


FIGURE  11.3  The  least-squares  fit  to  the  data  of  Example  11.4. 

V _ > 


11.5  FOLDING  AND  UNFOLDING 

To  define  the  problems  of  folding  and  unfolding,  consider  the  functions 

S(x),  0<x<°° 

M(x),  0  <x  <°° 

R{x,  x'),  0  <  x,  x'  <°° 

where  the  function  R(x,  x')  is  normalized  to  1: 

]R(x,x')dx  =  1  (11.32) 

0 

Folding  the  function  S(x)  with  the  function  R(x,  x')  to  obtain  the  function  M(x)  means 
to  perform  the  integration 

M(x)  =  J R{x,  x')S(x')  dx'  (11.33) 

0 
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Unfolding  means  to  obtain  the  function  S(x),  knowing  M(x)  and  R{x,  x').  Thus,  folding 
is  an  integration,  as  shown  by  Equation  11.33.  Unfolding,  on  the  other  hand,  entails  solving 
the  integral  equation,  Equation  11.33— known  as  the  Fredholm  equation — for  the  unknown 
function  Six). 

In  the  field  of  radiation  measurements,  folding  and  (especially)  unfolding  are  very  impor¬ 
tant  operations  that  have  to  be  applied  to  the  experimental  data.  In  most  radiation  measure¬ 
ments,  the  variable  x  is  the  energy  of  the  particle,  and  for  this  reason,  the  discussion  in  this 
section  will  be  based  on  that  variable.  The  reader  should  be  aware,  however,  that  x  may  repre¬ 
sent  other  quantities,  such  as  time,  velocity,  or  space  variables,  lfx  is  the  energy  of  the  particle, 
the  functions  S(x),  M(x),  and  R(x,  x')  have  the  following  meanings  (also  given  in  Section  9.7): 


S{E)  dE  =  source  spectrum 

=  number  of  particles  emitted  by  the  source  with  energy  between  E  and  E  +  dE 
M(E)  dE  =  measured  spectrum 

=  number  of  particles  recorded  as  having  energy  between  E  and  E  +  dE 
R{E,  E')  dE  =  response  of  the  detector 

=  probability  that  a  particle  emitted  by  the  source  with  energy  E'  will  be 
recorded  with  energy  between  E  and  E  +  dE 


21 


00 


0 


Ea 


E 


FIGURE  11.4  A  monoen- 
ergetic  source  spectrum. 


As  explained  in  Chapter  9,  the  response  function  is  measured  using  monoenergetic 
sources.  A  monoenergetic  source  is  represented  mathematically  by  the  delta  function  (8 
function),  which  has  these  properties  (Figure  11.4): 


8(£  -  E0)  =  0,  £  ^  £0 


Jl  if£i  <E0<E2 
1 0  otherwise 


(11.34) 


Thus,  the  8  function  is  equal  to  zero  everywhere  except  at  E  =  E0,  which  is,  of  course, 
what  the  energy  spectrum  of  a  monoenergetic  source  represents.  Because  of  the  property 
expressed  by  Equation  11.34,  integrals  involving  the  8  function  are  immediately  evaluated. 
For  any  function/(£),  one  obtains 


£2 

J /(£)8(£  -  E0)dE  =  /(£0),  £1  <  £0  <  £2  (11.35) 

£l 


because  there  is  no  contribution  to  the  integral  except  at  £  =  £„.  For  the  same  reason,  if  £„ 
is  outside  the  limits  of  integration,  then 

£2  { E  E 

J /(£)8(£  -  E0)dE  =  0,  £°  >  ^  (11.36) 

£1  L 

Assume  that  a  monoenergetic  source  emitting  S0  particles  per  second  (Figure  11.4)  is 
used  to  measure  the  response  function.  If  one  substitutes  the  expression  for  this  source, 

S(E)  =  S05(E  -  E0)  (11.37) 
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into  Equation  11.33,  the  result  is 

M(E)  =  J R(E,E')S05(E'  -  E0)dE'  =  S0R(E,E0)  (11.38) 

0 

Equation  11.38  shows  that  the  measured  spectrum  is  indeed  equal  to  the  response 
function  in  the  case  of  a  monoenergetic  source. 

11.5.1  Examples  of  Folding 

In  radiation  measurements,  folding  means  to  obtain  the  shape  of  the  measured  spectrum 
when  the  source  and  the  detector  response  are  known.  Several  examples  of  folding  using  a 
Gaussian  distribution  as  the  response  function  are  presented  next. 


EXAMPLE  11.5 

The  source  spectrum  is  a  step  function: 

fS0,  £  >  £0 


5(£)  = 


0,  £<£0 


What  is  the  measured  spectrum? 

Answer 

M(£) 


f  dE' 

"  (£  -  £')2 1 

J  V2^eXP 
0 

2o2 

5(E) 


-S  f^- 

°J  J2^ 


exp 


(£  -  £')2 


2  cr 


M(E)  =  — 
2 


1  +  erf 


£  -  £q 

V2o 


where 


erf 


^1  = 


(E-E0)/o 


error  function  = 


V20  j 

Figure  11.5  shows  the  three  functions  involved. 


1 


2dt 


El 

to 


SJ2 


FIGURE  11.5  A  step  function  folded  with  a  Gaussian. 
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EXAMPLE  11.7 

The  source  spectrum  is  a  Gaussian  centered  at  £  =  E0 : 

(E-E0)2 
2c2 

What  is  the  measured  spectrum? 

Answer 


5(f)  = 


50 


\[2na. 


exp 


M(EY 


f  dE' 

'  (f-p)2l 

So 

(f-fo)2' 

J  V27CO  eXR 

2cr2 

V^06XP 

2o2 

_ 5o _  _  < E-Eo )2 

V2 n(a2 +o2)V2  |_  2(cr2  +  or) 
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Figure  11.7  shows  the  three  functions  involved.  It  is  worth  noting  that  if  a  Gaussian  is 
folded  with  another  Gaussian,  their  standard  deviations  add  in  quadrature. 


£5 


r  =  2V2  In  2V0,2  +  a2 


->£' 


FIGURE  11.7  A  Gaussian  folded  with  a  Gaussian  gives  a  third  Gaussian,  which  has  a 
larger  width. 


The  integral  of  Equation  11.33  may  be  extended  to  because  the  Gaussian  drops  off  quickly 
to  a  negligible  value  for  E  <  0. 


r 


EXAMPLE  11.8 

The  source  spectrum  is  a  Lorentzian  centered  at  E0: 


S(E)  = 


rs/27t 


(e  -  E0y  +  rj/4 


and  the  response  function  is  also  a  Lorentzian  with  width  F.  What  is  the  measured 
spectrum? 

Answer 


M(E) 


I72ti 


rs/27i 


(E-E'Y  +r2/4  (£'  -  E0)  +n/4 


-dE' 


(r  +  rs)/27t 
(E  -  e0)2  +  (r  +  rs)2/4 


j 


Figure  11.8  shows  the  three  functions  involved.  Note  that  by  folding  a  Lorentzian 
with  a  Lorentzian,  the  result  is  a  third  Lorentzian  with  width  equal  to  the  sum  of  the  two 
widths. 
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FIGURE  11.8  A  Lorentzian  folded  with  a  Lorentzian  gives  a  third  Lorentzian  with  a  width  equal  to 
the  sum  of  the  widths  of  the  first  two  distributions. 


11.5.2  General  Method  of  Unfolding 

This  section  discusses  methods  of  unfolding,  assuming  that  an  energy  spectrum  is  mea¬ 
sured  with  a  multichannel  analyzer  or  any  other  device  that  divides  the  measured  spectrum 
into  energy  bins.  As  stated  at  the  beginning  of  Section  11.5,  unfolding  means  to  solve  the 
Fredholm-type  integral  equation 


M(E)  =  ^  R(E,E')S(E')dE' 
0 


(11.39) 


for  the  unknown  function  S{E).  Before  possible  methods  of  solution  of  Equation  11.39  are 
discussed,  it  is  important  to  note  that  no  spectrometer  measures  M{E).  What  is  measured 
is  the  quantity 


FIGURE  11.9  The  spectrometer  produces  a 
histogram,  that  is,  the  quantities  Mf,  and  not 
the  continuous  function  M(E)  shown  by  the 
dashed  line. 


Ei+i 

Mi  =  J  M(E)  dE 

Ei 


(11.40) 


where  Ei+1  —  AE, ■  =  energy  “bin”  of  the  spectrometer.  For  a  mul¬ 

tichannel  analyzer,  A £,  represents  the  width  of  one  of  the  channels. 
Therefore,  one  never  measures  a  continuous  function  M(E)  but  obtains 
instead  a  histogram  consisting  of  the  quantities  Mt  (see  Figure  11.9). 
As  a  first  approximation,  M(E,)  ~  MJAEj. 

An  analytical  solution  of  Equation  11.39  is  immediately  obtained  if 
the  detector  response  is  a  8  function.  Indeed,  if  R{E,  E')  =  8 (E  -  E'),  then 

M(E)  =  |S(£  -  E')S(E')  dE'  =  S{E) 

0 
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This  case  is  not  encountered  in  practice  because  there  is  no  detector  with  such  a 
response  function;  it  indicates  only  that  with  perfect  energy  resolution  there  is  no  need 
for  unfolding.  In  general,  the  more  the  detector  response  resembles  a  8-function,  the  more 
the  measured  spectrum  looks  like  the  source  spectrum. 

A  second  type  of  response  that  gives  an  analytical  solution,  in  principle,  is  a  step  func¬ 
tion*  (Figure  11.10).  Let 


R{E,E') 


C 

<  E' 
0 


0  <  E  <  E' 
otherwise 


(11.41) 


E' 


E 


FIGURE  11.10  A  step- 
function  response. 


where  C  is  a  normalization  constant.  Then,  Equation  11.39  takes  the  form 

M(E)  =  j&S(E')dE'  (11.42) 

E 

The  lower  limit  of  the  integral  has  been  set  equal  to  E  because  if  the  response  function 
is  that  given  by  Equation  11.41,  no  source  particles  with  energy  E'  <E  can  contribute  to 
M{E).  Upon  differentiation,1-4  Equation  11.42  gives 


S(E) 


E 

dM{E) 

C 

dE 

(11.43) 


which  is  the  desired  solution.  This  method  of  unfolding  is  known  as  the  differentiation  method. 

Since  only  the  quantities  M,  (Equation  11.40)  are  obtained,  and  not  the  function  M(E), 
the  differentiation  indicated  by  Equation  11.43  must  be  performed  numerically.  There  are 
several  computer  algorithms  that  perform  such  differentiation. 

The  most  general  method  of  unfolding  is  based  on  a  transformation  of  Equation  11.39 
into  a  matrix  equation.  Equation  11.39  may  be  rewritten  as 

NR  Ei+1 

M(E )  =  j  R(E,E')S(E')  dE'  (11.44) 

i  Ej 

where  the  integral  over  E'  has  been  written  as  a  sum  of  integrals  over  NR  energy  intervals 
A£)  =  £)+1-£,  Next,  Equation  11.44  is  integrated  over  E  to  give  (see  Equation  11.40) 


Ei+ 1  NR 

Mi  =  j  dE  M(E)  =  ^ 

E,  i  Ei  E[ 

Equation  11.45  is  still  exact.  To  proceed  further,  one  needs  an  approximation  for  the 
source  spectrum  S{E).  Two  approximations  and  corresponding  methods  of  solving  the 
resulting  matrix  equation  are  presented  in  the  next  two  sections. 


!+l  E'l+L 

\iE) 


R{E,E')S{E')  dE' 


(11.45) 


The  response  of  proton-recoil  counters  resembles  a  step  function  (see  Chapter  14). 
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11.5.3  An  Iteration  Method  of  Unfolding 

There  are  several  iteration  methods.  The  method  presented  here  is  useful  for  slowly  varying 
spectra  and  has  been  used  successfully  to  unfold  beta  spectra.5 

The  source  spectrum  S(E)  is  approximated  over  any  interval  A £•  by  the  expression 


S(E') 


Sj_ 

Ej 


Using  Equation  11.46  and  defining 


Ra  = 


dE'R(E,E') 


(11.46) 


(11.47) 


Equation  11.45  takes  the  form 

AT  =  Rij  Sj ,  i,  j  =  1,NR 


(11.48) 


or,  in  matrix  notation, 


M  =  R  •  S  (11.49) 

A  formal  solution  of  Equation  11.49  is 

S  =  R“1A4  (11.50) 

where  R^1  is  the  inverse  of  the  matrix  with  elements  given  by  Equation  11.47.  Although  in 
principle,  Equation  11.50  represents  a  solution  to  the  unfolding  problem,  in  practice,  the 
matrix  inversion  is  not  always  achieved  or  it  leads  to  a  solution  with  a  large  error. 

The  iteration  method  to  be  discussed  here  starts  with  Equation  11.48  and  uses  the 
measured  spectrum  as  the  first  guess  of  the  iteration  procedure.5 


Sj11  =  Mj,  j  =  l,  NR 


This  source  spectrum  when  substituted  into  Equation  11.48  gives 

Mf  =  ^RiiSf),  j  =  1  ,NR 


The  error  of  Sf  }  is  taken  to  be 

Sj  -  =  Mj  -  Mf\  j  =  l, NR 
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and  the  new  guess  for  the  second  iteration  is 


Sf]  =  +  [Mj  -  Mf]],  j  =  l,  NR 


Substitution  into  Equation  11.48  gives 


Mf  =  ^ RijSf ;>  i  =  1  ,NR 


and  so  on.  The  «th  iteration  uses 


Sf  =  S<K-1)  +  [Mj  -  j  =  l, NR 


and  is  the  solution  to  the  problem  if  the  difference  |  Mj  -  M^  |  for  j  =  1, NR  is  acceptably 
small,  that  is,  it  satisfies  a  criterion  set  by  the  experimenter.  This  iteration  method  con¬ 
verges  in  about  five  iterations  or  less  with  acceptable  results. 

11.5.4  Least-Squares  Unfolding 

A  different  approximation  for  the  source  spectrum,  used  with  neutrons,  assumes  that  S(E) 
can  be  represented  as  a  sum  of  MS  discrete  components.6-8  Therefore,  one  can  write 

NS 

S(E')  =  ^Xj5(E'  -Ej)  (11.51) 

7=i 

Using  Equation  11.51  and  defining 


(11.52) 


Equation  11.45  takes  the  form 


(11.53) 


or  in  matrix  notation, 


M  =  AX 


(11.54) 


If  NR  =  NS,  the  formal  solution  of  Equation  11.54  is,  as  with  Equation  11.49, 


X  =  A  1  M 


(11.55) 
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Because  of  the  difficulties  of  matrix  inversion,  a  least-squares  solution  has  been 
attempted  with  NR  >  NS.  If  NR  <  NS,  no  unique  solution  exists,  but  an  acceptable  one  has 
been  obtained. 

The  least-squares  unfolding  starts  with  Equation  11.53  and  minimizes  the  quantity 


NR 

( 

NS  V 

Q  =  2^' 

Mi 

- 

i=l 

/=! 

(11.56) 


The  weighting  factors  wt  are  usually  taken  to  be  the  inverse  of  the  variance  of  Mt.  The 
minimization  is  achieved  by  setting 


3Q 

dXk 


=  0, 


k  =  1,...,NS 


which  gives 


NS 


tv,  A*  ^  AyX j 


=  0,  k  =  l,...,NS 


(11.57) 


V  ;=1 


and  can  be  solved  for  X  for  j  =  1,  NS.  Equation  11.57  may  be  written  in  matrix  form6 


X  =  (ATWA)-1  ATWM 


(11.58) 


where  AT  is  the  transpose  of  A. 

Computer  round-off  errors  in  completing  the  matrix  inversion  shown  by  Equation 
11.58  lead  to  large  oscillations  in  the  solution  X.  The  oscillations  can  be  reduced  if  the  least- 
squares  solution  is  "constrained.”  Details  of  least-squares  unfolding  with  constraints  are 
given  in  References  6  and  7. 

There  are  a  multitude  of  examples  of  unfolding  algorithms  that  have  appeared  in 
the  open  literature.  While  many  of  these  algorithms  are  probably  of  very  high  quality, 
they  often  lack  rigorous  documentation  to  be  used  by  other  researchers.  Both  Canberra9 
and  ORTEC10,  the  two  most  popular  nuclear  instrumentation  vendors,  offer  gamma-ray 
unfolding  codes  (algorithms)  and  also  offer  a  lot  of  service  support  and  training  ses¬ 
sions.  Some  of  the  unfolding  techniques  include  a  model  for  fitting  peaks  induced  by  fast 
neutrons  in  an  HPGe  detector11  analysis  of  coincidence  y-ray  spectra  using  advanced 
background  elimination,  unfolding  and  fitting  algorithms,12  an  automated  peak  search¬ 
ing  and  fitting  of  data  from  y-ray  coincidence  experiments,13  application  of  robust  fitting 
analysis  techniques  to  low-resolution  spectral  data,14  a  comparative  study  of  minimi¬ 
zation  methods  in  the  fitting  of  a-particle  spectra,15  a  genetic  algorithm  approach  for 
deconvolution  in  y-ray  spectra,16  a  method  for  unfolding  multiplet  regions  of  x-ray  and 
y-ray  spectra  with  a  detection  efficiency17  and  a  gamma  analysis  code  for  ultra-low-level 
HPGe  spectra.18 
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11.6  DATA  SMOOTHING 

The  smoothing  of  raw  experimental  data  is  a  controversial  subject  because  it  represents 
manipulation  of  the  data  without  clear  theoretical  justification.  However,  smoothing  is  gen¬ 
erally  accepted  as  common  practice,  since  experience  has  shown  that  it  is  beneficial,  in  cer¬ 
tain  cases,  to  the  subsequent  analysis  of  the  data,  for  example,  in  identification  of  energy 
peaks  in  complex  gamma  energy  spectra  (Chapter  12)  and  unfolding  of  neutron  energy 
spectra  (Chapter  14).  Data  smoothing  should  be  viewed  as  an  attempt  to  filter  out  the  statis¬ 
tical  fluctuations  without  altering  the  significant  features  of  the  data. 

To  illustrate  how  data  smoothing  is  performed,  consider  again N measurements y\i  =  1, 
N,  where  yi  =  y{x).  Smoothing,  which  is  applied  to  the  values  of  yt  is  an  averaging  process.  In 
the  simplest  case,  one  adds  a  fixed  odd  number  of  yt  values,  takes  the  arithmetic  average  of 
the  sum,  and  sets  this  average  as  the  smoothed  value  of  y{x)  at  the  center  of  the  points  used 
in  this  averaging  process. 

Next,  the  first  point  of  the  group  is  dropped,  the  next  point  is  added  at  the  other  end  of 
the  group,  and  the  process  is  repeated  for  ally,  points.  In  general,  the  "smoothing”  equation 
takes  the  form 


j=n 

j——n 


(11.59) 


where 

Cj  =  coefficients  that  depend  on  the  method  of  smoothing  (see  below) 

M  =  normalization  constant 

n  =  index  showing  the  number  of  points  used  in  the  smoothing  process  (the  index  n 
means  that  2n  +  1  points  were  used  for  smoothing) 
yt  =  smoothed  value,  replacing  the  old  yt  in  the  middle  of  2n  +  1  points 


The  coefficients  G  are  determined  by  least-squares  fitting  a 
polynomial  of  order  m  to  2n  +  1  data  points19-21  and  taking  the 
smoothed  value  equal  to  the  value  of  the  polynomial  in  the  mid¬ 
dle  point  (Figure  11.11).  To  illustrate  the  method,  a  few  examples 
are  given  below.  The  least-squares  fit  will  be  based  on  Equations 
11.18  through  11.20. 

Three-point  zeroth-order  smoothing.  From  Equation  11.18, 

fix)  =  ax 


From  Equation  11.19, 

3 

Al  =  1  =  3 

1=1  i 


FIGURE  11.11  Data  smoothing.  A  polynomial  of 
degree  m  is  fitted  to  (2 n  +  1)  data  points,  and  the 
smoothed  value  is  equal  to  the  value  of  the  polynomial 
in  the  middle  point. 


From  Equation  11.20, 

3  3 

B 1  = 

i  i= 1 
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From  Equation  11.16, 


A 


An 


i= 1 


Therefore,  if  three-point  zeroth-order  smoothing  is  applied  (Figure  11.12),  the  con¬ 
stants  of  Equation  11.59  are 


X 


and 


M  =  3,  C1  =  C2  =  C3=1 


FIGURE  11.12  Three- 
point,  zeroth-order 
smoothing. 


yt  =  +  yi  +  yi+ 1)  (11.6O) 

Five-point  zeroth-order  smoothing.  Following  the  same  steps  as  above,  one  obtains 

M  =  5,  Q  =  1,  1  =  1,5 


and 


Ti  =  -O';- 2  +  yi- 1  +  T;  +  T;+1  +  T;+2) 


(11.61) 


Three-point  first-order  smoothing.  From  Equation  11.18,/(x)  =  a1  +  a2x.  Using  Equations 
11.19,  11.20,  and  11.16,  one  can  solve  for  the  values  ofM  and  C).  If  the  xt  points  are  equally 
spaced,  the  result  is  identical  with  three-point  zeroth-order  smoothing 
(Equation  11.60).  This  is  true,  in  general,  for  equally  spaced  X{,  that  is,  the  result 
of  smoothing  with  an  even-order  polynomial  is  the  same  as  that  with  a  poly¬ 
nomial  of  the  next  higher  order.  Table  11.2  gives  the  values  of  M  and  C;  for 
second-order  smoothing. 

As  an  example  of  using  the  various  equations,  Figure  11.13  shows  results 
of  three-point  zeroth-order  smoothing  and  five-point  second-order  smooth¬ 
ing,  that  is,  using  Equations  11.60  and  11.62: 

yi  =  —  (-3y,-2  +  12y;-i  +  17y;  +  17 yt  +  12 yi+1  -  3 yi+2)  (11.62) 

If  the  total  number  of  points  is  N,  the  number  of  smoothed  points  is  N  -  2 n 
for  (2 n  +  l)-point  smoothing  because  the  first  smoothed  point  is  i  =  n  +  1  and 
the  last  one  is  N  -  n.  The  smoothing  process  can  be  repeated  if  necessary— 
that  is,  one  may  smooth  data  that  were  previously  smoothed.19 

One  of  the  difficulties  in  data  smoothing  is  the  choice  of  the  correct  value 
for  n.  Unfortunately,  there  are  no  strict  criteria  for  the  selection  of  n.  The 
analyst  should  be  guided  mainly  by  experience  and  by  the  general  effects  of 


TABLE  11.2 

Coefficients  for  Second-Order 
Smoothing 


n 

5 

7 

9 

11 

M 

35 

21 

231 

429 

Cs 

36 

Ci 

-21 

9 

C3 

-2 

14 

44 

c* 

-3 

3 

39 

69 

c, 

12 

6 

54 

84 

Q 

17 

7 

59 

89 

c, 

12 

6 

54 

84 

c2 

-3 

3 

39 

69 

c3 

-2 

14 

44 

c4 

-21 

9 

c5 

-36 

Source:  Savitzky,  A.  and  Golay,  M.  J.  E,  Anal. 
Chem.  36:1 627;1 964.  With  permission. 
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FIGURE  1 1.13  The  same  data  smoothed  with  two  different  equations.  Circles  are  original 
data,  squares  are  data  smoothed  with  Equation  1 1 .60,  and  crosses  are  data  smoothed  with 
Equation  1 1.62. 


smoothing  on  the  results.  In  particular,  if  the  data  represent  energy  spectra  with  many 
peaks,  the  smoothed  spectrum  may  tend  to  flatten  the  peaks  and  fill  the  valleys. 

The  general  smoothing  equation  may  be  written  as 


Z;  = 

i 


(11.63) 


which  has  the  same  form  as  the  folding-unfolding  matrix  equations  (Equation  11.48).  Thus, 
smoothing  may  be  considered  as  folding  the  data  (y;)  with  the  weights  as  the  response 
function.  Taking  it  one  step  further,  one  may  perform  smoothing  by  using  a  continuous 
function,  that  is,  a  Gaussian.  Then 

Z(x)  =  ^G{x,x')y(x')dx'  (11.64) 

The  operation  indicated  by  Equation  11.64  has  been  applied  to  neutron  spectroscopic 
data.22 


11.7  QUALITY  ASSURANCE  AND  QUALITY  CONTROL 

Total  quality  management  (TQM),  which  consists  of  quality  assurance  (QA)  and  quality 
control  (QC),  is  now  a  well-accepted  vital  process  in  any  analytical  laboratory.  While  TQM 
methodologies  are  similar  in  many  cases,  each  different  type  of  measurement  has  its  own 
unique  characteristics  that  need  to  be  specifically  addressed. 
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Nuclear  measurements  span  a  very  large  range  cross  section  of  disciplines.  Some  of  the 
more  common  examples  include  health  physics  and  dosimetry,  neutron  activation  analysis, 
homeland  security,  radiochemistry  in  the  nuclear  fuel  cycle,  environmental  radioactivity, 
production  of  radioactive  certified  reference  materials,  and  nuclear  medicine.  Accreditation 
of  any  laboratory,  which  includes  a  TQM  procedure,  is  very  important  not  only  for  research 
purposes  but  also  for  potential  legal  procedures.  The  International  Laboratory  Accreditation 
Cooperation23  has  various  documents  on  laboratory  accreditation.  Also,  the  International 
Standards  Organization24  has  a  vast  database  of  QA  and  QC  procedures.  Some  examples 
include  auditing  quality  systems,  accuracy  of  measurement  methods  and  results,  terms  and 
definitions  used  in  connection  with  reference  materials,  and  proficiency  testing  by  inter¬ 
laboratory  comparisons.  All  these  aspects  are  very  important  in  nuclear  measurements. 

Measurements  in  nuclear  instrumentation  require  particular  requirements,  which  are 
not  usually  seen  in  traditional  chemical  methods.  For  instance,  special  care  is  needed  in 
nuclear  spectroscopy  when  analyzing  radiation  sources  with  elevated  count  rates  (or  high 
dead  times)  or  measuring  under  different  geometries.  The  abundance  of  new  measuring 
instruments  on  the  market  necessitates  that  personnel  in  each  individual  laboratory  fully 
understand  the  implications  of  setting  up  the  required  parameters  for  measurement,  which 
requires  knowledge  of  software  used  in  unfolding  energy  spectra.  This  is  particularly  true 
when  fitting  complicated  spectra  in  x-ray,  y-ray,  or  alpha  particles. 

The  International  Atomic  Energy  Agency  has  published  technical  documents  titled 
“Quality  System  Implementation  for  Nuclear  Analytical  Techniques”25  and  "Quality 
Control  Procedures  Applied  to  Nuclear  Instruments.”26  Both  these  manuscripts  are  of  great 
value  in  any  nuclear  measurements  laboratory. 

The  topics  of  detection  limits,  statistical  uncertainty  error  analysis,  and  propagation  of 
errors  have  been  discussed  in  many  papers  and  review  articles.  The  classic  paper  by  Currie 
in  196827  was  the  first  real  attempt  to  quantify  detection  limits  and  error  analysis  in  nuclear 
measurement.  In  Chapter  2,  there  is  a  very  good  treatise  of  statistical  errors  of  radiation 
counting,  as  well  as  minimum  detection  limits.  However,  while  statistical  counting  errors 
are  the  main  sources  of  uncertainty,  there  are  other  sources  of  error  that  may  compli¬ 
cate  the  calculation  of  the  overall  error.  For  instance,  unfolding  overlapping  peaks,  energy 
spectral  interferences,  and  background  radioactivity  for  low-level  measurements  are  three 
prime  examples.  Poor  energy  calibration  or  increased  full  width  half  maximum  (FWHM) 
due  to  deteriorating  resolution  can  significantly  add  to  the  error.  Thus,  the  proper  operation 
of  nuclear  instruments  is  of  prime  importance  as  to  not  add  any  unintended  errors  to  the 
measurement  systems. 

In  conclusion,  maintaining  the  instruments  at  a  high  level  of  confidence  during  opera¬ 
tion  will  lead  to  a  measurement  with  a  reduced  error.  Also,  all  sources  of  error  must  be 
identified  and  propagated  correctly  to  obtain  a  reliable  total  uncertainty  for  the  final 
measurement. 
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11.1  The  table  below  shows  radioactive  decay  data  from  a  certain  isotope.  Using  least- 
squares  fit,  determine  the  half-life  of  the  isotope.  What  is  the  error  of  the  half-life 
as  determined  by  this  set  of  data? 


f  (min) 

Counts 

f  (min) 

Counts 

0 

500 

6 

164 

f 

430 

7 

130 

2 

310 

8 

92 

3 

265 

9 

89 

4 

240 

10 

75 

5 

186 

The  numbers  below  represent  values  of 

cosine  for  the  corresponding  angles. 

Angle:  5°  10° 

15° 

20° 

25°  30° 

Cosine:  0.99619  0.98481 

0.96593 

0.93969 

0.90631  0.86603 

Obtain  cosine  values,  by  interpolation,  for  22°  using  Lagrange’s  three-point  inter¬ 
polation  formula. 

Evaluate  the  error  of  your  result.  Compare  the  calculated  error  with  the  difference: 
(cos  22  )tab[e  —  (cos  22  )interpoi. 

11.3  Prove  Equations  11.22  through  11.24. 

11.4  Obtain  the  least-squares  fit  equations  for  a  quadratic  fit. 

11.5  Using  the  data  of  Example  11.4  show  that  the  function  representing  the  cross 
section  a,  as  a  function  of  the  neutron  kinetic  energy  7(eV)  is  a{T)  =  1017.47 
(eV)-°-595. 

11.6  Determine  the  analytical  function  that  may  best  represent  the  data  shown  below 
using  the  techniques  presented  in  Section  11.4.2. 


X 

y 

a 

1.1 

4.04 

0.2 

1.5 

8.0 

0.5 

2.0 

9.75 

0.4 

2.5 

13.8 

0.48 

3.6 

19.0 

0.8 

11.7  Prove  that  the  result  of  folding  a  step  function  with  a  Gaussian  is 


M(E) 


erf! 


Ej-eA 
yf2c  j 


where  the  source  spectrum  is 


S(E) 


J  So,  E  >  E0 
1 0,  otherwise 
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11.8  Prove  that  the  result  of  folding  a  Gaussian  with  a  Gaussian  is 


1 

1 

1 

1 

£ 
_ 1 

V27t  V(°2  +  °i2) 

2  (a2  +  a  i2) 

where  the  source  spectrum  is  centered  at  £„  and  has  a  standard  deviation  cs. 

11.9  Prove  that  the  result  of  folding  an  exponential  function  e~aE  with  a  Gaussian  is 

M(E)  = 

11.10  What  is  the  measured  spectrum  M(E )  if  the  detector  response  is  a  step  function  of 
the  form  R(E,  E')  =  C(E')/E'  and  the  source  emits  two  types  of  particles  at  energy 
El  and  £2? 

11.11  What  is  the  measured  spectrum  M(E)  if  the  detector  response  is  a  step  function,  as 
in  Problem  11.9,  and  the  source  spectrum  is 

S(E)  =  t^—,  £i<£<£2 

and  is  zero  otherwise. 

11.12  The  following  data  represent  results  of  counting  an  energy  peak.  How  does  the  full 
width  at  half  maximum  of  the  peak  change  if  one  applies  (a)  three-point  zeroth- 
order  smoothing  and  (b)  five-point  second-order  smoothing? 


Channel 

Counts 

Channel 

Counts 

10 

12 

17 

34 

11 

10 

18 

26 

12 

14 

19 

18 

13 

14 

20 

10 

14 

24 

21 

12 

15 

30 

22 

9 

16 

40 
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Photon  (y-Ray  and 
X-Ray)  Spectroscopy 


12.1  INTRODUCTION 

Photons,  that  is,  gamma-rays  and  x-rays,  may  be  treated  either  as  electromagnetic  waves 
or  as  particles.  An  electromagnetic  wave  is  characterized  by  its  wavelength  X  or  frequency  v. 
A  photon  is  a  particle  having  zero  charge  and  zero  rest  mass,  traveling  with  the  speed  of 
light,  and  having  an  energy  E  =  hv,  where  h  =  Planck’s  constant.  The  wave  properties  of  a 
photon  are  used  for  low-energy  measurements  only.  In  all  other  cases,  detection  of  photons 
is  based  on  their  interactions  as  particles. 

This  chapter  first  examines  the  mechanisms  of  detection  in  photon  detectors  and 
then  discusses  the  spectroscopic  characteristics  of  the  different  types  of  x-ray  and  y-ray 
detectors. 

12.2  MODES  OF  ENERGY  DEPOSITION  IN  THE  DETECTOR 

Photons  are  detected  by  means  of  the  electrons  they  produce  when  they  interact  in  the 
material  of  which  the  detector  is  made.  The  main  interactions  are  photoelectric  effect, 
Compton  scattering,  and  pair  production  (there  are  many  other  photon  interactions,  but 
they  are  not  important  for  the  spectroscopy  tasks  discussed  in  this  chapter;  for  this  reason, 
they  are  omitted  from  this  treatise).  The  electrons  (or  positrons)  produced  by  these  interac¬ 
tions  deposit  their  energy  in  the  detector  and  thus  generate  a  voltage  pulse  that  signifies  the 
passage  of  the  photon.  The  height  of  the  voltage  pulse  is  proportional  to  the  energy  depos¬ 
ited  in  the  detector.  When  the  objective  is  to  measure  the  energy  of  the  incident  photon, 
the  question  arises:  Is  this  voltage  pulse  proportional  to  the  energy  of  the  incident  particle? 
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To  provide  an  answer,  one  must  examine  how  the  photon  interacts  and  what  happens  to 
its  energy. 


(a) 


Detector 


e 


Incident  photon 


FIGURE  12.1  Asa 
result  of  a  photoelectric 
interaction,  the  photon 
disappears,  (a)  all  the 
energy  of  the  electron  is 
deposited  in  the  detector, 
and  (b)  part  of  the  energy 
is  deposited  in  the  wall. 


12.2.1  Energy  Deposition  by  Photons  with  E  <  1.022  MeV 

A  photon  with  E  <  1.022  MeV  can  interact  only  through  the  photoelectric  or  the  Compton 
effect.  If  a  photoelectric  interaction  takes  place,  the  photon  disappears  and  an  electron 
appears  with  energy  equal  to  E  -  Be,  where  Be  is  the  binding  energy  of  that  electron.  The 
range  of  electrons  in  a  solid,  either  a  scintillator  crystal  or  a  semiconductor,  is  so  short  that 
it  can  be  safely  assumed  that  all  the  electron  energy  will  be  deposited  in  the  detector  (Figure 
12.1a).  If  the  interaction  occurs  very  close  to  the  wall,  the  electron  may  deposit  only  part 
of  its  energy  in  the  counter  (Figure  12.1b),  but  the  probability  of  this  happening  is  small.  In 
practice,  one  assumes  that  all  the  photoelectrons  deposit  all  their  energy  in  the  detector. 
This  energy  is  less  than  the  energy  of  the  incident  photon  by  the  amount  Be,  the  binding 
energy  of  the  electron.  What  happens  to  the  energy  Bel 

After  a  photoelectric  effect  takes  place,  an  electron  from  one  of  the  outer  atomic  shells 
drops  into  the  empty  inner  state  in  about  10-8  s.  This  electronic  transition  is  followed  by  an 
x-ray  or  by  an  Auger  electron  (see  Chapter  4).  The  Auger  electron  will  also  deposit  its  energy 
in  the  detector.  The  x-ray  with  energy  in  the  low  keV  range  (-100  keV  or  less)  interacts  again 
photoelectrically  (primarily)  and  generates  another  electron.'  The  net  result  of  these  suc¬ 
cessive  interactions  is  that  the  part  Be  of  the  incident  photon  energy  is  also  deposited  in  the 
detector.  All  these  events  take  place  within  a  time  of  the  order  of  10-8  s.  Since  the  formation 
of  the  voltage  pulse  takes  about  10-6  s,  both  parts  of  the  energy— namely,  E  -  Be  =  energy 
of  photoelectron  and  Be  =  energy  of  the  x-ray — contribute  to  the  same  pulse,  the  height 
of  which  is  proportional  to  (E  -  Be)  +  B e  =  E  =  incident  photon  energy.  The  conclusion  is, 
therefore,  that  if  the  photon  interacts  via  photoelectric  effect,  the  resulting  pulse  has  a 
height  proportional  to  the  incident  particle  energy. 

If  Compton  scattering  takes  place,  only  a  fraction  of  the  photon  energy  is  given  to 
an  electron.  A  scattered  photon  still  exists  carrying  the  rest  of  the  energy.  The  energy 
of  the  electron  is  deposited  in  the  detector.  But  what  happens  to  the  energy  of  the  scat¬ 
tered  photon? 

The  scattered  photon  may  or  may  not  interact  again  inside  the  detector.  The  probability 
of  a  second  interaction  depends  on  the  size  of  the  counter  (Figure  12.2),  on  the  position  of 


Scattered 

photon 

escapes 


Scattered 
photon  interacts 
inside  this 
larger  detector 


FIGURE  12.2  Asa  result  of  Compton  scattering,  part  of  the  photon  energy  may  escape. 


For  thin  detectors,  or  detectors  made  of  high-Z  material — for  example,  CdTe  or  Hgl2 — some  x-rays  may  escape, 
thus  forming  the  so-called  escape  peaks  (see  Section  12.7). 
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the  first  interaction,  on  the  energy  of  the  scattered  photon,  and  on  the  material  of  which  the 
detector  is  made.  Unless  the  detector  is  infinite  in  size,  there  is  always  a  chance  that  the 
scattered  photon  may  escape,  in  which  case  a  pulse  will  be  formed  with  height  proportional 
to  an  energy  that  is  less  than  the  energy  of  the  incident  photon. 

From  the  study  of  the  Compton  effect  (Chapter  4),  it  is  known  that  Compton  electrons 
have  an  energy  range  from  zero  up  to  a  maximum  energy  Tmax,  which  is 


T  -  E  - 

x  max 


1  +  2  Elmc2 


(12.1) 


n(E) 


FIGURE  12.3  A 

monoenergetic  gamma 
spectrum  (source 
spectrum). 


where  mc2  =  0.511  MeV,  the  rest  mass  energy  of  the 
electron.  Therefore,  if  the  interaction  is  Compton  scat¬ 
tering,  pulses  are  produced  from  Compton  electrons 
with  heights  distributed  from  V=  0  volts,  correspond¬ 
ing  to  Tmin  =  0,  up  to  a  maximum  height  V*max  volts 
corresponding  to  the  maximum  energy  Tmax  given 
by  Equation  12.1.  Figures  12.3  through  12.5  illustrate 
how  a  monoenergetic  photon  spectrum  is  recorded  as 
a  result  of  photoelectric  and  Compton  interactions. 

Figure  12.3  shows  the  source  spectrum.  In  the 
case  of  perfect  energy  resolution,  this  monoenergetic 
source  produces  in  an  MCA,  the  measured  spec¬ 
trum  shown  by  Figure  12.4.  Some  photons  produce 
pulses  that  register  in  channel  C0,  corresponding 
to  the  source  energy  E0,  and  thus  contribute  to  the 
main  peak  of  the  spectrum,  which  is  called  the  full- 
energy  peak.  The  Compton  electrons  are  responsible 
for  the  continuous  part  of  the  spectrum,  extending 
from  zero  channel  up  to  channel  CC  and  are  called 
the  Compton  continuum.  The  end  of  the  Compton 
continuum,  called  the  Compton  edge,  corresponds  to 
the  energy  given  by  Equation  12.1.  Since  no  detector 
exists  with  perfect  energy  resolution,  the  measured 
spectrum  looks  like  that  of  Figure  12.5. 

Sometimes  the  Compton  interaction  occurs  very 
close  to  the  surface  of  the  detector  or  in  the  mate¬ 
rial  of  the  protective  cover  surrounding  the  detector 
(Figure  12.6).  Then,  there  is  a  high  probability  that 
the  electron  escapes  and  only  the  energy  of  the  scat¬ 
tered  photon*  is  deposited  in  the  detector.  The  mini¬ 
mum  energy  Emin  of  the  scattered  photon  is  given  by 


E 

1  +  2  Elmc1 


(12.2) 


FIGURE  12.4  The  pulse  height  spectrum  obtained  from  the 
source  spectrum  of  Figure  12.3,  in  the  absence  of  statistical 
effects  in  the  detector  (perfect  energy  resolution). 


FIGURE  12.5  The  measured  pulse  height  spectrum  for  the 
source  spectrum  of  Figure  12.3.  The  statistical  effects  in  the  detec¬ 
tor  broaden  both  the  peak  and  the  Compton  continuum  part  of 
the  spectrum.  The  dashed  line  shows  the  spectrum  that  would 
have  been  recorded  in  the  absence  of  the  Compton  continuum. 


Backscattering  may  also  take  place  in  the  source  itself  or  in  the  shield  surrounding  the  detector. 
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FIGURE  12.6  If  Compton  scattering 
occurs  close  to  the  surface  of  the 
detector,  the  only  energy  deposited 
may  be  that  of  the  scattered  photon. 


Occasionally,  a  rather  broad  peak,  corresponding  to  the  energy  given  by 
Equation  12.2,  is  observed  in  y-ray  spectra.  This  peak  is  called  the  backscatter 
peak  (Figure  12.5). 

The  fraction  of  counts  recorded  outside  the  full-energy  peak  depends  on 
the  energy  of  the  gamma  and  on  the  size  of  the  detector.  The  energy  of  the  pho¬ 
ton  determines  the  ratio  c/p.  of  the  Compton  scattering  coefficient  to  the  total 
attenuation  coefficient.  The  lower  the  gamma  energy  is,  the  smaller  this  ratio 
becomes.  Then  a  greater  fraction  of  photons  interacts  photoelectrically  and  is 
recorded  in  the  full-energy  peak,  thus  reducing  the  Compton  continuum  part 
of  the  spectrum.  As  an  example,  consider  gammas  with  energy  100  keV  and 
1  MeV,  and  a  Ge  detector.  For  100-keV  gammas  in  germanium,  the  ratio  o/p 
is  0.9/3.6  ~  0.25  (Figure  12.26),  which  indicates  that  25%  of  the  interactions 
are  Compton  and  75%  photoelectric.  The  number  of  pulses  in  the  Compton 
continuum  should  be  equal  to  or  less  than  one-third  the  number  recorded  under  the  full- 
energy  peak.  At  1  MeV,  the  ratio  o/p  is  about  0.4/0.42  =  0.95,  which  means  that  about  95% 
of  the  interactions  are  Compton  and  only  5%  photoelectric.  Thus,  the  Compton  continuum 
due  to  1-MeV  photons  is  the  largest  part  of  the  spectrum. 

The  magnitude  of  the  Compton  continuum  is  also  affected  by  the  size  of  the  detector 
(Figure  12.2).  The  larger  the  detector  is,  the  greater  the  probability  of  a  second  Compton  inter¬ 
action.  If  the  detector  size  could  become  infinite,  the  Compton  continuum  would  disappear. 


12.2.2  Energy  Deposition  by  Photons  with  £>1.022  MeV 

If£  >  1.022  MeV,  pair  production  is  possible,  in  addition  to  photoelectric  effect  and  Compton 
scattering.  As  a  result  of  pair  production,  the  photon  disappears  and  an  electron-positron 
pair  appears,  at  the  expense  of  1.022  MeV  transformed  into  the  pair’s  rest  masses.  The  total 
kinetic  energy  of  the  electron-positron  pair  is 

Te_  +  Te+  =  T  =  (E  -  1.022)  MeV 


The  kinetic  energy  of  the  pair  is  deposited  in  the  detector  (the  arguments  are  the  same 
as  for  photoelectrons  or  Compton  electrons).  Therefore,  pulses  proportional  to  the  energy 
T  =  E  -  1.022  MeV  are  certainly  produced,  but  what  happens  to  the  energy  of  1.022  MeV? 

The  positron  slows  down  and  reaches  the  end  of  its  range  in  a  very  short  time,  shorter 
than  the  time  needed  for  pulse  formation.  Sometimes  while  in  flight,  but  most  of  the  time  at 
the  end  of  its  track,  it  combines  with  an  atomic  electron,  the  two  annihilate,  and  two  gam¬ 
mas  are  emitted,  each  with  energy  0.511  MeV.’  There  are  several  possibilities  for  the  fate  of 
these  annihilation  gammas: 

1.  The  energy  of  both  annihilation  gammas  is  deposited  in  the  detector.  Then,  a  pulse 
height  proportional  to  energy 

(E  - 1.022)  MeV  +  1.022  MeV  =  E 


is  produced. 


There  is  a  small  probability  that  three  gammas  may  be  emitted.  This  event  has  a  negligible  effect  on  spectros¬ 
copy  measurements. 
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2.  Both  annihilation  photons  escape.  A  pulse  height  proportional  to  energy  (£  -  1.022) 
MeV  is  formed. 

3.  One  annihilation  photon  escapes.  A  pulse  height  proportional  to  energy 

(£  -  1.022) MeV  +  0.511MeV  =  {E  -  0.511)MeV 

is  formed. 

If  the  pair  production  event  takes  place  on  or  close  to  the  surface  of  the  detector,  it  is 
possible  that  only  one  of  the  annihilation  photons  enters  the  counter.  In  such  a  case,  a  pulse 
height  proportional  to  energy  0.511  MeV  is  formed. 

Peaks  corresponding  to  these  energies  could  be  identified,  but  this  does  not  mean  that 
they  are  observed  in  every  y-ray  spectrum.  The  number,  energy,  and  intensity  of  peaks 
depend  on  the  size  of  the  detector,  the  geometry  of  the  source  (is  it  collimated  or  not?),  and 
the  energies  of  the  gammas  in  the  spectrum.  If  a  source  emits  only  one  gamma,  the  mea¬ 
sured  spectrum  will  certainly  show  the  following: 

1.  The  full-energy  peak,  corresponding  to  E  (this  is  the  highest  energy  peak) 

2.  The  Compton  edge,  corresponding  to  energy 


1  +  2 El  me1 

In  addition,  other  peaks  that  may  be  observed  are  as  given  below. 

3.  Backscatter  peak,  with  energy 

E 

1  +  2E/mc2 

4.  The  single-escape  peak  with  energy  ( E  -  0.511)  MeV 

5.  The  double-escape  peak  with  energy  (£  -  1.022)  MeV 

Figure  12.7  presents  the  spectrum  of  24Na.  The  single-  and  double-escape  peaks 
due  to  the  2.754-MeV  gamma  are  clearly  shown.  The  single-  and  double-escape  peaks 
are  very  important  when  complex  gamma  spectra  are  recorded.  The  observer  should  be 
extremely  careful  to  avoid  identifying  them  falsely  as  peaks  produced  by  gammas  emit¬ 
ted  from  the  source. 

If  the  source  is  a  positron  emitter,  a  peak  at  0.511  MeV  is  always  present.  The  positron- 
emitting  isotope  22Na  is  such  an  example.  It  emits  only  one  gamma  with  energy  1.274  MeV, 
yet  its  spectrum  shows  two  peaks.  The  second  peak  is  produced  by  0.511-MeV  annihilation 
photons  emitted  after  a  positron  annihilates  (Figure  12.8). 

The  Compton  continuum,  present  in  gamma  energy  spectra  recorded  either  by  a 
Nal(Tl)  scintillator  or  by  a  Ge  detector,  is  a  nuisance  that  impedes  the  analysis  of  complex 
spectra.  It  is  therefore  desirable  to  eliminate  or  at  least  reduce  that  part  of  the  spectrum 
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Channel  number 


FIGURE  12.7  A  gamma  spectrum  showing  single-  and  double-escape  peaks  from  24Na. 


Channel  number 


FIGURE  12.8  The  22Na  spectrum  showing  the  1.274-MeV  peak  and  the  0.511-MeV  peak  that  is 
due  to  annihilation  gammas. 


FIGURE  12.9  Diagram  of  a  Compton  suppression 
spectrometer  using  a  Nal(TI)  and  a  Ge  detector. 

The  two  detectors  are  operated  in  anticoincidence, 
with  the  Ge  recording  the  energy  spectrum. 


relative  to  the  gamma  energy  peak.  One  way  to  achieve  this  is  to 
use  two  detectors  and  operate  them  in  anticoincidence.  Such  an 
arrangement,  known  as  the  Compton-suppression  spectrometer,  is 
shown  in  Figure  12.9.  A  large  Nal(Tl)  scintillator  surrounds  a  Ge 
detector,  and  the  two  detectors  are  operated  in  anticoincidence. 
The  energy  spectrum  of  the  central  detector  (the  Ge  in  this  case) 
will  consist  of  pulses  that  result  from  total  energy  absorption  in 
that  detector.  Figure  12.10  shows  the  60Co  spectrum  obtained 
with  and  without  Compton  suppression. 
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FIGURE  12.10  The  60Co  spectrum  recorded  with  and  without  Compton  suppression.  Note  that 
the  ordinate  is  in  logarithmic  scale. 


12.3  EFFICIENCY  OF  X-RAY  AND  y-RAY  DETECTORS: 
DEFINITIONS 

There  are  four  types  of  efficiency  reported  in  the  literature: 

1.  Total  detector  efficiency 

2.  Full-energy  peak  efficiency 

3.  Double-escape  peak  efficiency 

4.  Single-escape  peak  efficiency 


The  first  two  are  much  more  frequently  used  than  the  last  two.  All 
four  efficiencies  may  be  intrinsic,  absolute,  or  relative.  The  individual 
definitions  are  as  follows: 

Intrinsic  total  detector  efficiency  is  the  probability  that  a  gamma  of 
a  given  energy  which  strikes  the  detector  will  be  recorded.  The  geom¬ 
etry  assumed  for  the  calculation  or  measurement  of  this  efficiency  is 
shown  in  Figure  12.11. 

Absolute  total  detector  efficiency  is  the  probability  that  a  gamma 
emitted  from  a  specific  source  will  be  recorded  in  the  detector.  The 
geometry  assumed  for  the  absolute  efficiency  is 
shown  in  Figure  12.12.  The  intrinsic  efficiency 
(Figure  12.11)  depends  on  the  energy  of  the  gamma 
E  and  the  size  of  the  detector  L.  The  absolute  total 
efficiency  (Figure  12.12)  depends,  in  addition  to 
E  and  L,  on  the  radius  of  the  detector  R  and  the 
source-detector  distance  d.  Therefore,  the  abso¬ 
lute  total  efficiency,  as  defined  here,  is  essentially 
the  product  of  intrinsic  efficiency  times  the  solid  FIGURE  12.12 
angle  fraction  (see  also  Chapter  8).  efficiency. 


Incident  beam 


FIGURE  12.11  The  geometry  assumed  in  the 
definition  of  intrinsic  efficiency. 


Source 


l01 


The  geometry  assumed  in  the  definition  of  absolute 
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Full-energy  peak  efficiency  is  defined  as  follows: 


'Full-energy  peakA 
efficiency 


The  ratio  by  which  the  total  detector  efficiency  is  multiplied  in  Equation  12.3  is  called 
the  peak-to-total  ratio  ( P ).  Figure  12.13  shows  how  Pis  measured. 

The  double-escape  peak  efficiency  is  important  if  the  energy  of  the  gamma  E  is  greater 
than  about  1.5  MeV,  in  which  case  pair  production  becomes  important.  The  energy  of  the 
double-escape  peak,  equal  to  E  -  1.022  MeV,  is  used  for  identification  of  certain  isotopes. 
This  kind  of  efficiency  is  defined  by 


Total  detector 
efficiency 


^Counts  in  full-^ 
energy  peak 


^Total  counts  in^ 
spectrum 


(12.3) 


'Double-escape^ 
peak  efficiency 


'Total  detector^ 
efficiency 


'Counts  in  double-^ 
escape  peak 
'Total  counts  iffi 
spectrum 


(12.4) 


FIGURE  12.13  The  peak-to-total  ratio  is  equal  to  the  number  of  counts  under  the  peak(/Vp) 
divided  by  the  total  number  of  counts  (Nt). 
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The  single-escape  peak  efficiency  is  important  also  for  E  >  1.5  MeV,  and  its  definition  is 
analogous  to  that  of  the  double-escape  peak: 


Single-escape  ' 
peak  efficiency 


^Total  detector' 
efficiency 


'Counts  in  single-' 
escape  peak 
'Total  counts  in' 
spectrum 


(12.5) 


The  double-  and  single-escape  peak  efficiencies  are  used  with  semiconductor  detec¬ 
tors  only.  In  the  above  definitions,  if  the  total  detector  efficiency  is  replaced  by  intrinsic, 
the  corresponding  full-energy,  single-,  and  double-escape  peak  efficiencies  are  also  con¬ 
sidered  intrinsic. 

Relative  efficiency  may  be  obtained  for  all  the  cases  discussed  above.  In  general, 

(Relative  efficiency),  =  (Absolute  efficiency),  (12.6) 

Efficiency  of  a  standard 


where  the  subscript  i  refers  to  any  one  of  the  efficiencies  defined  earlier. 

Depending  on  the  type  of  detector  and  measurement,  the  user  selects  the  efficiency  to 
be  used.  For  quantitative  measurements,  the  absolute  total  efficiency  of  the  detector  has  to 
be  used  at  some  stage  of  the  analysis  of  the  experimental  data. 


12.4  DETECTION  OF  PHOTONS  WITH  Nal(TI) 
SCINTILLATION  DETECTORS 

Of  all  the  scintillators  existing  in  the  market,  the  Nal  crystal  activated  with  thallium, 
Nal(Tl),  is  the  most  widely  used  for  the  detection  of  y-rays.  Nal(Tl)  scintillation  counters 
are  used  when  the  energy  resolution  is  not  the  most  important  factor  of  the  measurement. 
They  have  the  following  advantages  over  Ge  and  Si(Li)  detectors: 

1.  They  can  be  obtained  in  almost  any  shape  and  size.  Nal(Tl)  crystals  with  size  0.20  m 
(8  in.)  diameter  by  0.20  m  (8  in.)  thickness  are  commercially  available. 

2.  They  have  rather  high  efficiency  (see  Section  12.4.1). 

3.  They  cost  less  than  semiconductor  detectors. 

A  disadvantage  of  all  scintillation  counters,  in  addition  to  their  inferior  energy 
resolution  relative  to  Si(Li)  and  Ge  detectors,  is  the  necessary  coupling  to  a  photomulti¬ 
plier  tube. 

Nal(Tl)  detectors  are  offered  in  the  market  today  either  as  crystals  that  may  be  ordered 
to  size  or  as  integral  assemblies  mounted  to  an  appropriate  photomultiplier  tube.1-3  The 
integral  assemblies  are  hermetically  sealed  by  an  aluminum  housing.  Often,  the  housing 
is  chrome-plated  for  easier  cleaning.  The  phototube  itself  is  covered  by  an  antimagnetic 
|i-metal  that  reduces  gain  perturbations  caused  by  electric  and  magnetic  fields  surround¬ 
ing  the  unit. 


www.Ebook777.com 


356  Measurement  and  Detection  of  Radiation 


The  front  face  of  the  assembly  is  usually  the  “window”  through  which  the  photons 
pass  before  they  enter  into  the  crystal.  The  window  should  be  as  thin  as  possible  to  mini¬ 
mize  the  number  of  interactions  of  the  incident  photons  in  the  materials  of  the  window. 
Commercially  available  Nal(Tl)  detectors  used  for  y-ray  detection  have  an  aluminum  win¬ 
dow,  which  may  be  as  thin  as  0.5  mm  (0.02  in.).  X-ray  scintillation  detectors  usually  have  a 
beryllium  window,  which  may  be  as  thin  as  0.13  mm  (0.005  in.).  Beryllium  is  an  excellent 
material  because  it  allows  less  absorption  thanks  to  its  low  atomic  number  (Z  =  4). 

12.4.1  Efficiency  of  Nal(TI)  Detectors 

The  intrinsic  efficiency  of  Nal(Tl)  detectors  (see  Figure  12.11)  is  essentially  equal  to 
1  -  exp[-|a,(£)X],  where 

|l(£)  =  total  attenuation  coefficient  in  Nal  for  photons  with  energy  E 
L  =  length  of  the  crystal 

A  plot  of  |l(£)  for  Nal  as  a  function  of  photon  energy  is  shown  in  Figure  12.14. 


FIGURE  12.14  The  photon  linear  attenuation  coefficients  for  Nal(TI).  (From  Evans,  R.  D.,  The 
Atomic  Nucleus,  McGraw-Flill,  New  York,  1972.  With  permission.) 
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Obviously,  the  efficiency  increases  with  crystal  size. 
The  user  should  be  aware,  however,  that  when  the  detec¬ 
tor  volume  increases,  the  background  counting  rate 
increases  too.  In  fact,  the  background  is  roughly  pro¬ 
portional  to  the  crystal  volume,  whereas  the  efficiency 
increases  with  size  at  a  slower  than  linear  rate.  Thus, 
there  may  be  a  practical  upper  limit  to  a  useful  detector 
size  for  a  given  experiment. 

Calculated  absolute  total  efficiencies  of  a  Nal  crystal 
are  given  in  Figure  12.15  for  several  source-detector  dis¬ 
tances.  They  have  been  obtained  by  integrating  Equation 
8.20,  which  is  repeated  here  (refer  to  Figures  8.21  and  12.12 
for  notation): 

fe°  1 

5{1  -  exp[-|i(£)r(0)]}— sin0  dQ 

e(£)  =  ^ ^ - ? -  (8.20) 

(S/2)  sin  0<i0 

Jo 


or 


Source-to-detector  distance,  cm 


FIGURE  12.15  Calculated  absolute  total  efficiencies  of  a 
3  in.  x  3  in.  (7.6.2  cm  x  7.6.2  cm)  Nal(TI)  scintillator  as  a  func¬ 
tion  of  energy  for  different  source-detector  distances.  (From 
Harshaw  Chemical  Company  Brochure,  1978.) 


m  = 


/•01 

{1  -  exp  [-| x(E)L/  cos  0] }  sin  0  dQ 

Jo 


1  -  cos  00 

r0o 

(1  -exp{-|i(£)[(£/sin  0)  -  {d/cos  0)]})sin0  dQ 
Jo, 


1  -  cos  00 


where  0j  =  tan _1[£/(r/  +  £)]  and  0O  =  tan  1{R\d). 

The  inherent  approximation  of  Equation  8.20  is  that  every  photon  that  interacted  at 
least  once  inside  the  detector  is  detected. 

In  Figure  12.15,  note  that  the  efficiency  decreases  with  energy  up  to  about  5  MeV. 
Beyond  that  point,  it  starts  increasing  because  of  the  increase  in  the  pair  production  proba¬ 
bility.  Figure  12.16  shows  how  the  peak-to-total  ratio  (see  Figure  12.13)  changes  with  energy 
for  a  source  located  0.10  m  from  detectors  of  different  sizes. 

The  energy  resolution  of  Nal(Tl)  detectors  is  quoted  in  terms  of  the  %  resolution  for 
the  0.662 -MeV  gamma  of  137Cs.  Using  the  best  electronics  available,  this  resolution  is  about 
7%  and  the  FWHM  is  about  46  keV.  As  mentioned  in  Chapter  9,  the  FWHM  is  roughly 
proportional  to  the  square  root  of  the  photon  energy.  For  this  reason,  the  resolution  in  % 
deteriorates  as  the  energy  decreases.  For  10-keV  x-rays,  the  best  resolution  achieved  is  about 
40%,  which  makes  the  FWHM  about  4  keV. 
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FIGURE  12.16  Peak-to-total  ratio  as  a  function  of  energy  for  Nal(TI)  scintillators  of  different  sizes. 
The  source-to-detector  distance  is  0.10  m.  (From  Harshaw  Chemical  Company  Brochure,  1978.) 


12.5  DETECTION  OF  GAMMAS  WITH  Ge  DETECTORS 

As  mentioned  in  Section  7.5.5,  the  Ge(Li)  detectors  have  been  replaced  by  Ge  detectors, 
which  are  devices  that  use  hyperpure  germanium  (impurity  concentration  1016  atoms/m3 
or  less).  The  main  advantage  of  Ge  over  Ge(Li)  detectors  is  that  the  former  should  be  kept  at 
low  temperatures  only  when  in  use;  the  latter  must  be  kept  cool  at  all  times. 

The  cooling  of  Ge  detectors  is  achieved  by  permanently  mounting  the  detector  on  a 
cryostat.  The  cryostat  consists  of  a  reservoir  or  Dewar  containing  the  cooling  medium  and 
a  vacuum  chamber  housing  the  detector.  The  Dewar  is  made  of  two  concentric  metal  con¬ 
tainers  (Figure  12.17)  with  the  space  between  the  two  containers  evacuated  for  thermal 
insulation.  In  one  design,  called  the  “dipstick”  (Figure  12.17a),  the  detector  is  housed  in  a 
separate  vacuum  chamber  and  the  cooling  rod  is  made  of  copper.  The  cooling  medium  is 
usually  liquid  nitrogen  (boiling  temperature  -196°C,  or  77°K).  In  another  design,  called  the 
integral  cryostat  (Figure  12.17b),  there  is  a  common  vacuum  chamber  for  both  the  Dewar 
and  the  detector.  One  version  of  the  integral  cryostat  is  provided  with  a  rotary  vacuum 
seal,  which  allows  the  detector  chamber  to  be  rotated  180°.  With  respect  to  cooling,  one 
manufacturer  (Canberra)  has  designed  and  is  offering  a  cryoelectric  cryostat  that  uses  a 
commercial  refrigerator  with  helium  gas  as  the  refrigerant. 

The  vacuum  chamber  that  contains  the  detector  is  made  of  stainless  steel.  The  cham¬ 
ber  protects  the  detector  from  dirt  and,  by  being  evacuated,  prevents  condensation  of  vapor 
on  the  detector  surface  or  electrical  discharge  when  high  voltage  is  applied  to  the  detector. 
A  metal  envelope,  with  a  very  thin  window  at  its  end  for  the  passage  of  the  incident  photons, 
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FIGURE  12.17  (a)  A  dipstick  cryostat  (cross  section),  (b)  an  integral  cryostat  (cross  section). 
(Courtesy  of  Canberra  Nuclear.) 


Energy,  keV 


FIGURE  12.18  Transmission  characteristics  of  various  detector  windows.  The  thicknesses  shown 
are  in  mils  of  inches.  (Courtesy  of  Canberra  Nuclear.  With  permission.) 


surrounds  the  detector.  The  window  is  made  of  beryllium,  aluminum,  or  a  carbon  compos¬ 
ite  fiber.  Transmission  characteristics  of  several  window  thicknesses  are  shown  in  Figure 
12.18.  Most  commercial  cryostats  include  the  preamplifier  as  a  standard  component. 

Reduction  of  background  in  any  measurement  is  very  important.  It  becomes  absolutely 
necessary  in  cases  when  the  sample  to  be  counted  is  a  very  weak  radiation  source  and  its 
activity  barely  exceeds  that  of  the  background.  Complete  elimination  of  the  background 
radiation  is  impossible,  but  reduction  of  it  is  feasible  by  using  special  shields.  Common 
shields  are  made  of  lead  or  steel  and  are  0.10-0.15  m  thick.  Figure  12.19  shows  a  typical 
arrangement  of  the  cryostat,  the  detector,  and  the  shield.  Photographs  of  two  commercial 
detectors,  cryostats,  and  multichannel  analyzers  are  shown  in  Figure  12.20. 


Shield 

Detector 


FIGURE  12.19  Atypical 
arrangement  of  the  detec¬ 
tor,  the  shield,  and  the 
cryostat. 


12.5.1  Efficiency  of  Ge  Detectors 

The  efficiency  of  Ge  detectors  quoted  in  the  list  of  specifications  by  the  manufacturer  may 
be  a  relative  full-energy  peak  efficiency  or  an  absolute  efficiency.  Relative  efficiencies  are 
referenced  in  terms  of  the  absolute  full-energy  peak  efficiency  of  a  7.6  cm  x  7.6  cm  (3  in.  x  3  in.) 
Nal(Tl)  crystal.  The  measurement  (or  calculation)  is  based  on  the  1.33-MeV  peak  of  60Co.  It 


www.Ebook777.com 


Counts  per  unit  energy 


360  Measurement  and  Detection  of  Radiation 


FIGURE  12.20  (a)  Ge  detector  with  its  cryostat  and  multichannel  analyzer.  (Reproduced  from 

Instruments  for  Research  and  Applied  Sciences  by  permission  of  EG  &  G  ORTEC,  Oak  Ridge, 
Tennessee.)  (b)  Portable  Ge  detector  system  with  its  cryostat  and  multichannel  analyzer.  (Courtesy 
of  Canberra  Nuclear.  With  permission.) 


is  assumed  that  a  60Co  source  of  known  strength  is  positioned  0.25  m 
away  from  the  face  of  the  detector.  A  count  is  taken  for  a  period  of 
time,  and  the  absolute  full-energy  peak  efficiency  of  the  Ge  detec¬ 
tor  is  determined  by  dividing  the  total  number  of  counts  under  the 
1.33-MeV  peak  (shaded  area,  Figure  12.21)  by  the  number  of  pho¬ 
tons  emitted  from  the  source  during  the  same  time  period.  The  rela¬ 
tive  efficiency  is  obtained  by  dividing  this  by  1.2  x  10-3,  which  is  the 
absolute  efficiency  of  a  7.6  cm  x  7.6  cm  (3  in.  x  3  in.)  Nal(Tl)  crystal 
0.25  m  from  the  source  (assumed  geometry  is  shown  in  Figure  12.12), 
Photon  energy  to  give  the  relative  efficiency  quoted  in  the  specifications. 

_  Absolute  efficiencies  as  a  function  of  energy  for  four  types  of  Ge 

FIGURE  12.21  A  sketch  of  the  60Co  spectrum,  detectors  are  shown  in  Figures  12.22  through  12.25.  In  Figure  12.22, 

indicating  how  it  is  used  for  efficiency  and  peak-  a  wafer  is  used  to  make  what  the  manufacturer  calls  a  low-energy 

r  Ge  (LEGe)  detector.  In  this  detector,  a  p-type  contact  is  fabricated, 

with  implanted  boron,  on  the  front  face  and  the  cylindrical  surface; 
on  the  rear  face,  an  n-type  contact  is  formed  with  lithium  diffused  along  a  spot  that  is 
smaller  than  the  full  rear  area  of  the  device.  The  efficiency  of  this  detector  is  dropping  for 
energies  below  5  keV  because  of  absorption  in  the  Be  window;  at  the  other  end  of  the  graph, 
the  efficiency  drops  for£  >  100  keV  because  of  a  corresponding  decrease  in  the  value  of  the 
total  linear  attenuation  coefficient  of  gamma-rays  in  Ge  (Figure  12.26).  A  coaxial  Ge  detec¬ 
tor  and  its  efficiency  are  shown  in  Figure  12.23.  The  contacts  of  this  detector  are  formed  by 
diffused  lithium  (n-type  contact)  and  by  implanted  boron  (p-type  contact).  The  diffused- 
lithium  n-type  contact  is  given  by  the  manufacturer  as  0.5-mm  thick.  A  variation  of  the 
coaxial  detector,  called  the  reverse-electrode  (REGe)  detector,  and  its  efficiency  are  shown 
in  Figure  12.24.  In  the  REGe  detector  the  electrodes  are  opposite  to  those  of  the  “normal" 
coaxial:  the  p-type  electrode  (formed  by  ion-implanted  boron)  is  on  the  outside,  and  the 
n-type  contact  (formed  by  diffused  lithium)  is  on  the  inside.  This  electrode  arrangement 
leads  to  decreased  window  thickness  (the  p-type  contact  may  be  as  thin  as  0.3  |im;  the  Be 
window  is  ~0.5  mm),  which,  in  turn,  results  in  higher  efficiency  at  lower  energy  (compare 
efficiency  curves  of  Figures  12.23  and  12.24).  Finally,  in  Figure  12.25,  a  Ge  well-type  detec¬ 
tor  is  shown.  The  special  characteristic  of  this  device  is  its  increased  efficiency  due  to  its 


1.17  MeV  1.33  MeV 
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FIGURE  12.22  (a)  LEGe  detector,  (b)  absolute  efficiency  as  a  function  of  energy  for  a  detector 

size  shown  on  the  graph  and  2.5  cm  distance  assumed  between  source  and  detector.  (From  http:// 
www.canberra.com.  Last  accessed  September  14,  2010.  With  permission.) 

particular  geometry.  The  solid  angle  approaches  4jt,  resulting  in  close  to  100%  efficiency  in 
a  certain  energy  range. 

For  Ge  detectors  other  than  the  well  type,  the  efficiency  is  low,  relative  to  Na(Tl)  scin¬ 
tillation  detectors.  This  statement  holds  true  for  Si  (Li)  detectors  as  well  (see  Section  12.9). 
Lower  efficiency,  however,  is  more  than  compensated  for  by  the  better  energy  resolution  of 
the  semiconductor  detector.  Figure  12.27  illustrates  the  outstanding  resolution  character¬ 
istics  of  a  semiconductor  detector  by  showing  the  same  spectrum  obtained  with  a  Nal(Tl) 
and  a  Ge(Li)  detector.  Note  the  tremendous  difference  in  the  FWHM.  The  Ge(Li)  gives  a 
FWHM  =  1.9  keV,  while  the  Nal(Tl)  gives  FWHM  -  70  keV. 

To  make  the  importance  of  high  energy  resolution  (small  FWHM)  clear,  consider  a 
case  of  10,000  counts  being  recorded  by  a  7.6  cm  x  7.6  cm  (3  in.  x  3  in.)  Na(Tl)  detector 
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FIGURE  12.23  (a)  Coaxial  Ge  detector,  (b)  absolute  efficiency  as  a  function  of  energy  for  a  dis¬ 

tance  of  2.5  cm  between  source  and  detector. 


under  the  1.33-MeV  peak  of  60Co.  A  Ge  detector  with  10%  relative  efficiency  will  record 
only  1000  counts.  The  FWHM  of  the  Na(Tl)  peak  is  70  keV;  the  corresponding  width 
of  the  Ge  peak  is  about  2  keV.  Since  the  total  number  of  counts  under  the  peak  is  pro¬ 
portional  to  the  product  of  the  FWHM  times  the  peak,  the  heights  of  the  two  peaks  are 
related  by 


Height  of  Ge  peak  __  (1000/2)  _  70 

Height  of  Nal(Tl)  peak  (10,000/70)  20 


Thus,  even  though  the  Ge  detector  is  only  10%  efficient,  relative  to  the  Nal(Tl)  crystal, 
it  produces  a  peak  that  is  3.5  times  higher. 
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FIGURE  12.24  (a)  REGe  coaxial  detector,  (b)  absolute  efficiency  as  a  function  of  energy  for  a 

distance  of  2.5  cm  between  source  and  detector. 

Another  parameter  specified  by  the  manufacturer  of  Ge  detectors  is  the  peak-to- 
Compton  ratio  (PCR).  Looking  at  Figure  12.21,  the  PCR  is  defined  by 

Height  of  1.33  MeV  peak 

PCR  = - 

(Average  height  of  Compton  plateau  of  1.33  MeV  peak) 

The  average  of  the  plateau  is  taken  between  1040  and  1096  keV,  in  accordance  with 
IEEE  Standard  No.  325-1971.4  The  PCR  is  important  because  it  indicates  the  capability  of 
the  detector  to  identify  low-energy  peaks  in  the  presence  of  stronger  peaks  of  higher  energy. 
PCR  values  of  70:1  are  common,  but  higher  values  have  also  been  reported. 
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FIGURE  12.25  (a)  A  Ge  well-type  detector,  (b)  absolute  detector  efficiency  for  a  detector  with 

40-mm-depth  and  10-mm-diameter  well.  Source  assumed  placed  at  the  bottom  of  the  well. 

For  the  analysis  of  complex  gamma  spectra,  it  is  helpful  to  have  an  analytic  function 
that  represents  the  efficiency  of  the  detector  as  a  function  of  energy.  Many  semiempiri- 
cal  equations  have  been  developed  to  fit  the  efficiency  of  germanium  detectors.5-7  Three 
examples  are  given  here. 

The  Freeman-Jenkin  equation5 

8  =  1-  exp(-xx)  +  oA  exp  (-BE)  (12.7) 


where 

x  =  photoelectric  coefficient 
x  =  thickness  of  the  detector 
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0  =  Compton  coefficient 

A,  B  =  constants  to  be  determined  from  measurement 


Equation  12.7  was  used  to  determine  the  relative  effi¬ 
ciency  of  a  cylindrical  and  a  trapezoidal  detector  over  the 
range  500-1500  keV,  with  an  accuracy  of  about  1%. 

The  Mowatt  equation 6 


e  =  UiF  exp(-jj,Gea2) 


T  +  0fl3exp(-a4£) 

T  +  o 


[1  -  exp(-|iGea5)] 


(12.8) 


where 

F=  n  exp  (-(1,-x,)  =  product  of  attenuation  factors  out¬ 
side  the  intrinsic  region 

a1  =  normalization  factor;  a2  =  the  thickness  of  the  ger¬ 
manium  front  dead  layer 

«3,  «4  =  constants  to  be  determined  from  measurement 
a5  =  effective  detector  depth  (or  thickness) 


FIGURE  12.26  Photon  attenuation  coefficients  for 
germanium.  The  dashed  line  is  the  approximate  total  linear 
attenuation  coefficient. 
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FIGURE  12.27  The  60Co  spectrum  obtained  with  a  Nal(TI)  scintillator  and  a  Ge(Li)  detector. 
(Reproduced  from  Instruments  for  Research  and  Applied  Sciences  by  permission  of  EG  &  G  ORTEC, 
Oak  Ridge,  Tennessee.) 
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Equation  12.8  is  an  improvement  over  Equation  12.7  because  it  takes  into  account 
absorption  in  the  window  (through  the  factor  F')  and  in  the  dead  layer  of  the  detector 
[through  the  factor  exp  (-|iGe«2)]  Mowatt’s  equation,  developed  for  planar  detectors,  gives 
the  efficiency  with  an  accuracy  of  1.5%  over  the  range  100-1400  keV. 

McNelles- Campbell  equation 1 


8  = 


+  fl3exp(-fl4£)  +  asexp{-a6E)  +  a7exp{-agE) 


(12.9) 


where  a1  through  ag  are  constants  to  be  determined  from  measured  gamma  spectra. 
Equation  12.9,  developed  for  coaxial  detectors,  predicts  the  efficiency  with  an  accuracy  of 
0.2%  over  the  energy  range  160-1333  keV.  Further  testing  of  Equation  12.9  showed8  that  the 
last  term  involving  the  constants  a7  and  as  has  a  negligible  effect  on  the  result. 

Equations  12.7  through  12.9  are  given  just  as  examples  that  indicate  the  general  energy 
dependence  of  the  efficiency  curve.  What  is  done  in  practice  is  to  measure  the  efficiency 
as  a  function  of  energy  using  calibrated  sources  emitting  gammas  of  known  energies  and 
intensities.  Such  sources  are  made  available  by  national  agencies  (e.g.,  NIST)  and  private 
companies.  A  table  of  gamma  energies  used  for  calibration  is  given  in  Appendix  C. 

Applications  for  efficiency  calculations  include  efficiency  corrections  for  variable 
sample  height  in  well-type  germanium  gamma  detectors,8  use  of  the  Monte  Carlo  method 
for  the  analysis  of  measurement  geometries  for  the  calibration  of  a  HPGe  detector  in  an 
environmental  radioactivity  laboratory,9  a  method  for  assessing  and  correcting  coincidence 
summing  effects  for  germanium  detector  efficiency  calibrations,10  direct  mathematical 
method  for  calculating  full-energy  peak  efficiency  and  coincidence  corrections  of  HPGe 
detectors  for  extended  sources,11  an  empirical  expression  for  the  full-energy  peak  efficiency 
of  an  n-type  high-purity  germanium  detector,12  and  a  software  package  using  a  mesh-grid 
method  for  simulating  HPGe  detector  efficiencies.13 


12.5.2  Energy  Resolution  of  Ge  Detectors 

The  energy  resolution  of  a  Ge  detector  is  given  in  terms  of  the  FWHM  (T).  The  width  T 
consists  of  the  following  two  components: 

Yd  =  width  due  to  detector  effects 
Ye  =  width  due  to  effects  of  electronics 

Since  these  two  components  are  uncorrelated,  they  are  added  in  quadrature  to  give  the 
total  width,  T, 


r  =  Vrl  +  r? 


(12.10) 


As  shown  in  Chapter  9,  the  width  is  energy  dependent  and  is  given  by 


Td  =  2^/(2  In  2)FEw 


(12.11) 
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where  F  is  the  Fano  factor  and  w  is  the  average  energy  needed  to  produce  an  electron-hole 
pair.  For  germanium,  at  the  operational  temperature  of  77°K,  w  =  2.97  eV.  Thus, 

rd(keV)  =  0.1283^/f£(keV)  (12.12) 

The  width  Te  increases  when  the  detector  capacitance  increases.  The  detector  capaci¬ 
tance,  in  turn,  generally  increases  with  detector  size  and  may  change  with  detector  bias. 
Good  Ge  detectors  have  a  flat  capacitance-bias  relationship  over  most  of  the  range  of  bias 
voltage  applied. 

The  capacitance  of  the  detector  has  an  effect 
on  the  energy  resolution  because  it  influences  the 
performance  of  the  charge-sensitive  preamplifier 
that  accepts  the  detector  signal.  The  contribution 
of  the  preamplifier  to  the  value  of  T)  increases  with 
the  input  capacitance.  One  of  the  manufacturers, 

Canberra,  reports  a  0.570  eV  Te  with  zero  input 
capacitance  and  a  slow  increase  with  higher  values 
as  shown  in  Figure  12.28.  Clearly,  the  resolution 
improves  if  the  capacitance  is  kept  low.  The  other 
component  of  the  input  capacitance  comes  from 
items  such  as  connectors  and  cables.  Reduction 
of  the  length  of  input  cable  and  of  connectors’ 
capacitance  is  helpful.  For  the  best  resolution  with 
a  given  system,  the  preamplifier  should  be  located 
as  close  to  the  detector  as  possible. 

Large  Ge  detectors  commercially  available 
today  have  capacitance  as  high  as  30  pF,  which  results  in  a  value  of  Te  =  1.06  keV  (Figure  12.28). 
Combining  the  two  contributions  Yd  and  Ve  in  accordance  with  Equation  12.10,  one  gets 

T(keV)  =  V(0.1283)2££(keV)  +  1.062  (12.13) 

A  typical  value  of  the  Fano  factor  for  0.1  <  £  <  10  MeV  is  0.16.  Substitution  in  Equation 
12.13  gives 


FIGURE  12.28  The  dependence  of  Te  on  input  capacitance  for  a 
charge-sensitive  preamplifier. 


T(keV)  =  7(2.63  x  10“3)£(keV)  +  1.062  (12.14) 

Equation  12.14  shows  that  for  low  energies,  the  resolution  is  determined  by  electronic 
noise.  For  higher  energies,  the  energy  contribution  predominates.  Consider  two  cases: 

Case  1:  E  =  100  keV 

T  =  7(2.63  x  10-3)100  +  1.062  =  VO.263  +  1.12  =  1.2  keV 
Case  2:  E  =  1000  keV 

T  =  7(2.63  x  10~3)1000  +  1.062  =  ^2.63  +  1.12  =  1.9  keV 
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FIGURE  12.29  Typical  energy  resolution  versus  gamma  energy  for  Ge  detectors. 


The  energy  resolution  versus  gamma  energy  is  shown  in  Figure  12.29  for  the  four  detec¬ 
tors  depicted  in  Figures  12.22  through  12.25.  Usually,  the  resolution  is  given  in  terms  of  the 
FWHM,  at  three  energies,  5.9,  122,  and  1332  keV. 

12.5.3  Analysis  of  Ge  Detector  Energy  Spectra 

Despite  the  superb  energy  resolution  of  Ge  detectors,  compared  to  that  of  Nal(Tl)  scin¬ 
tillators  (see  Figure  12.27),  analysis  of  complex  gamma  spectra  is  necessary  in  order  to 
identify  isotopes  responsible  for  an  energy  peak.  Figure  12.30  shows  a  typical  Ge  energy 
spectrum.  Analysis  of  the  spectrum  entails,  first,  assignment  of  energy  to  the  peaks  of 
the  spectrum  and,  second,  the  determination  of  the  number  of  counts  (i.e.,  the  area)  for 
each  peak. 


Neutron-irradiated  coal  sample 


FIGURE  12.30  A  gamma-ray  energy  spectrum  recorded  with  a  Ge  detector.  (This  is  the  spectrum 
from  a  coal  sample  irradiated  in  a  reactor.) 


www.Ebook777.com 


Photon  (y-Ray  and  X-Ray)  Spectroscopy  369 


The  energy  assignment  to  the  peaks  of  the  spectrum  is  accomplished  by  calibrating  the 
detector  with  a  source  that  emits  gammas  of  known  energy  and  intensity.  As  explained  in 
Section  9.10,  calibration  means  to  determine  the  constants  of  the  equation 

£  =  fli  +  a2C  +  a3C2  (12.15) 

where  C  is  the  channel  number  (for  most  systems,  a3  is  very  small,  or  zero).  When  the 
energy  assignment  is  performed,  the  observer  should  be  aware  of  the  following  general 
features  of  a  gamma  spectrum  recorded  by  a  Ge  detector: 

1.  For  £y  <  2  MeV,  the  full-energy  peak  is  intense  and  almost  Gaussian  in  shape. 

2.  At  higher  energies  (£y>2MeV),  the  double-escape  peak  (£DE  =  £y-  1.022  MeV) 
becomes  prominent.  The  single-escape  peak  is  present  too  (see  Figure  12.7). 

3.  In  spectra  taken  with  thin  Ge  detectors,  one  may  see  the  germanium  “escape”  peaks. 
The  escape  peaks  (EP)  have  energy  equal  to 

EEp  =  Ey  —  Ek 

where  Ek  is  the  K  x-ray  energy  of  germanium.  The  escape  peaks  are  due  to  the  loss  of 
the  energy  carried  away  by  the  escaping  K  x-ray  of  germanium.  This  energy  is  equal 
to  9.9  keV  for  the  I<a  and  11.0  keV  for  the  I<p  x-ray  of  germanium.  Figure  12.31  shows 
the  139Ce  x-ray  spectrum  with  the  escape  peaks  marked. 

4.  When  the  front  surface  of  the  detector  is  covered  by  a  metal,  characteristic  x-rays 
of  that  metal  are  emitted  if  the  incident  radiation  consists  of  photons  with  energy 
greater  than  the  K  x-ray  energy  of  that  metal.  Gold,  which  is  sometimes  used,  emits 
a  I<a  x-ray  with  energy  68  keV  and  five  L  x-rays  between  9  and  13  keV. 


Energy,  keV 


FIGURE  12.31  The  x-ray  spectrum  resulting  from  the  decay  of  139Ce.The  Ge  escape  peaks  are 
clearly  seen.  (From  Palms,  J.  M.,  Venugopala  Rao,  P.,  and  Wood.  D.,  Nuci.  Instrum.  Meth.  64:31 0;1 968. 
With  permission.) 
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The  determination  of  the  area  under  a  peak— that  is,  the  absolute  intensity  of  a  par¬ 
ticular  gamma  energy— is  not  as  straightforward  as  the  assignment  of  energy,  because  the 
area  under  a  peak  includes  contributions  from  other  gammas  and  from  the  background. 
The  methods  that  have  been  developed  for  the  determination  of  the  area  under  a  peak  can 
be  classified  into  two  groups:  methods  that  treat  the  data  (i.e.,  counts  per  channel)  directly, 
and  methods  that  fit  a  known  function  to  the  data. 

Methods  that  treat  the  data  directly  give  the  area  under  the  peak  by  adding  the  counts 
from  all  the  channels  in  the  region  of  the  peak  and  subtracting  a  “base  background.”  The 
methods  differ  in  the  way  they  define  the  “base”  and  the  number  of  channels  that  define 
the  peak  (a  review  of  the  methods  is  given  in  References  14  and  15).  Figures  12.32  and  12.33 
show  graphically  three  of  the  methods. 

Method  1.  A  straight  line  is  used  to  separate  the  peak  from  the  base,14'16  and  the  net  area 
under  the  peak  (NPA)  is  calculated  using  the  equation  (Figure  12.32a) 


Channel  number 


FIGURE  12.32  Determination  of  the  net  area  under  the  peak,  (a)  a  straight  line  is  used  to  define 
the  base,  (b)  an  average  background  is  subtracted  from  the  gross  count. 
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NPA  =  -  (aL  +  aR ) 


R-L  +  1 


(12.16) 


where 

a,  =  number  of  counts  in  channel  i 
L  =  channel  number  at  left  limit  of  photopeak 
R  =  channel  number  at  right  limit  of  photopeak 

Method  2.  Here,  the  background  (Figure  12.32)  is 
defined  as  the  average  count  in  a  region  equal  to  3r 
(3  FWHM),  extending  1.5  T  on  both  sides  of  the  peak. 
The  gross  count  under  the  peak  is  taken  as  the  sum 
of  all  the  counts  in  the  channels  corresponding  to  3E 
The  net  peak  area  is  then  given  by 

NPA  =  G  -  Bt  -  Br  (12.17) 


+  +  +  Measured  points 


FIGURE  12.33  Determination  of  the  area  under  the  peak  using 
the  method  of  Quittner.  (From  Siffert,  P.,  Gonidec,  J.  P.,  and  Cornet, 
A.,  Nucl.  Instrum.  Meth.  1 1 5:1 3;1 974.  With  permission.) 


Method  3.  This  method,  due  to  Quittner,17  fits  a 
polynomial,  using  the  least-squares  technique,  to  the  data  from  2k,  +  1  and  2 kR  +  1  chan¬ 
nels  (Figure  12.33)  on  either  side  of  the  peak.  The  base  line  is  constructed  in  such  a  way  that 
at  X,  and  XR  (shown  in  Figure  12.33)  it  has  the  same  magnitude  {pL,  pR)  and  slope  (qL,  qR)  as 
the  fitted  polynomial.  The  net  area  under  the  peak  is  now  given  by  the  equation 


ws 

NPA  =  (aXp+i  -  bXp+i) 

i=-Wi 


(12.18) 


where  the  value  of  b  is,  in  terms  of  a  third-degree  polynomial,  equal  to 


b{x)  =  pL  +  qL(x  -  xL)  + 


-qR  -  2 qL  |  3 jpR  -  pL) 
II  +  Ir  ( II  +  Ir)2 


( x  -  xLf 


gL  +  qR  |  2 (pL  -  pR) 

(II  +  Ir?  ( II  +  Ir? 


( x  -  XLf 


(12.19) 


Quittner’s  method  is  quite  accurate  if  the  peaks  are  separated  by  about  20  channels. 

Today,  the  most  widely  used  methods  are  those  that  fit  an  analytic  function  to  each 
peak.  After  the  fit  is  accomplished,  the  analytic  function  is  used  for  the  calculation  of  quan¬ 
tities  of  interest  such  as  the  area  and  the  centroid  (position)  of  the  peak. 

The  principle  of  obtaining  the  fit  is  simple  and  essentially  the  same  for  all  the  meth¬ 
ods.18-26  Let  y\i  =  1,N  be  the  experimental  point— that  is,  the  counts  in  channels  x\i  = 
1,N—  and  fix,  av  a2, ...)  be  a  function  that  will  represent  a  single  peak.  The  parameters  av  a2, 
...  are  determined  by  minimizing  the  quantity 

Ui’ ai’ 
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that  is,  by  a  least-squares  technique,  where  the  weighting  factors  wt  usually  are  the  inverse 
of  the  square  of  the  variance  of  yt.  The  fitting  function  consists  of  a  Gaussian  plus  modifying 
functions.  Here  are  three  examples: 

1.  /=  G(x)  +  B  +  Cx  =  y0  exp[-(x-x0)2/2a2]  +  B  +Cx. 

Here,  a  Gaussian  describes  the  peak,  and  the  linear  function  B  +  Cx  describes  the 
background.18 

2.  /  =  G(x)[l  +  «i(x  -  x0)mi  +  «2( x  -  *oP]  (from  Reference  19) 

3.  /=  G(x)  +  B  +  S  +  D  (from  Reference  26) 

where 

B  =  linear  background 

S  =  step  function  =  A{  1  -  erf[(x0  -  x)IO\f2]} 

D  =  tail  function  having  an  exponential  form  on  the  left  of  the  peak  and  a  Gaussian  on 
the  right 

In  addition  to  the  methods  discussed  so  far,  there  are  others  that  use  mixed  tech¬ 
niques.27,28  No  matter  what  the  method  is,  the  analysis  has  to  be  done  by  computer,  and 
numerous  computer  codes  have  been  developed  for  that  purpose.  Examples  are  the  codes 
SAMPO,20  HYPERMET,28  GAMAVISION,29  GENIE  2000, 30  and  HYPERTMET  PC.31 

The  determination  of  the  absolute  intensity  of  a  gamma  requires  that  the  efficiency  of 
the  detector  be  known  for  the  entire  energy  range  of  interest.  The  efficiency  is  determined 
from  information  provided  by  the  energy  spectrum  of  calibrated  sources.  Using  the  known 
energy  and  intensity  of  the  gammas  emitted  by  the  source,  a  table  is  constructed  giving 
efficiency  of  the  detector  for  the  known  energy  peaks.  The  efficiency  at  intermediate  points 
is  obtained  either  by  interpolation  or,  better  yet,  by  fitting  an  analytic  form  to  the  data  of 
the  table  (see  Section  12.5.1). 

As  in  the  case  of  minimum  detectable  activity  (Section  2.20),  two  types  of  errors 
are  encountered  when  one  tries  to  identify  peaks  in  a  complex  energy  spectrum.32  Type 
I  arises  when  background  fluctuations  are  falsely  identified  as  true  peaks.  Type  II  arises 
when  fluctuations  in  the  background  obscure  true  peaks.  Criteria  are  set  in  the  form  of 
confidence  limits  (see  Section  2.20  and  Reference  32)  that  can  be  used  to  avoid  both  types 
of  errors. 


12.5.4  Timing  Characteristics  of  the  Pulse 

For  certain  measurements,  like  coincidence-anticoincidence  counting  or  experiments 
involving  accelerators,  the  time  resolution  of  the  signal  is  also  important,  in  addition 
to  energy  resolution.  For  timing  purposes,  it  is  essential  to  have  pulses  with  constant 
rise  time. 

No  detector  produces  pulses  with  exactly  the  same  rise  time.  This  variation  is  due  to 
the  fact  that  electrons  are  produced  at  different  points  inside  the  detector  volume,  and  thus 
traverse  different  distances  before  they  reach  the  point  of  their  collection.  As  a  result, 
the  time  elapsing  between  production  of  the  charge  and  its  collection  is  not  the  same  for 
all  the  carriers. 
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FIGURE  12.34  (a)  In  a  true  coaxial  detector,  electrons  and  holes  travel  along  the  direction  ABC, 
(b)  in  wrap-around  coaxial  detectors,  the  carriers  may  travel  along  ABC  but  also  along  the  longer 
path  A'B'C. 

Consider  a  true  coaxial  detector,  shown  in  Figure  12.34a.  Since  the  electric  field  is 
radial,  electrons  and  holes  will  follow  a  trajectory  perpendicular  to  the  axis  of  the  detector. 
The  maximum  time  required  for  collection  of  the  charge  corresponds  to  electron-holes 
being  produced  either  at  A  or  C.  That  time  t  is  equal  to  t  ~  ( AC)/v ,  where  AC  is  the  detector 
thickness  and  D  is  the  speed  of  electrons  or  holes.  For  a  detector  bias  of  about  2000  V  and 
the  size  shown  in  Figure  12.34a,  D  ~  0.1  mm/ns  =  105  m/s,  which  gives  a  maximum  collec¬ 
tion  time  of  120  ns.  The  best  rise  time  corresponds  to  electron-holes  generated  at  point  B 
(Figure  12.34a)  and  is  equal  to  about  60  ns. 

The  pulse  rise  time  is  essentially  equal  to  the  collection  time.  For  the  detector  shown  in 
Figure  12.34a,  the  rise  time  will  vary  between  60  and  120  ns.  For  other  detector  geometries, 
the  variation  in  rise  time  is  greater  because  the  electrons  and  holes,  following  the  elec¬ 
tric  field  lines,  may  travel  distances  larger  than  the  thickness  of  the  detector  core  (Figure 
12.34b).  The  variation  in  rise  time  for  the  detector  of  Figure  12.34b  will  be  between  60  and 
200  ns.  The  distribution  of  pulse  rise  times  for  commercial  detectors  is  a  bell-type  curve, 
not  exactly  Gaussian,  with  an  FWHM  of  less  than  5  ns. 

12.6  DETECTION  OF  X-RAYS  WITH  A  Si(Li)  DETECTOR 

Si(Li)  detectors  are  generally  used  as  x-ray  spectrometers  for  E  <  50  keV.  They  need  cool¬ 
ing  and  therefore  require  a  cryostat.  Their  energy  resolution  and  efficiency  are  better 
than  those  of  a  Ge  detector  for  E  <  50  keV.  Figure  12.35  shows  how  the  resolution 
changes  with  energy.  The  FWHM  is  again  given  by  Equation  12.10.  Using  a  value  of 
w  =  3.7  eV  per  electron-hole  pair  for  silicon  at  77  K  and  Fano  factor  equal  to  0.1,  the 
width  becomes 


T(eV)  =  ^2.05  E(eV)  +  T\  (12.20) 

The  width  Tp  is  indicated  as  "electronic  noise”  in  Figure  12.35.  Of  the  three  types  of 
x-ray  detectors  mentioned — scintillation,  proportional,  and  semiconductor  counters — 
the  Si(Li)  detector  has  the  best  energy  resolution  for  x-rays.  This  fact  is  demonstrated 
in  Figure  12.36,  which  shows  the  same  energy  peak  obtained  with  the  three  different 
detectors.  Note  that  only  the  Si(Li)  detector  can  resolve  Ka  and  I<p  lines,  an  ability  abso¬ 
lutely  necessary  for  the  study  of  fluorescent  x-rays  for  most  elements  above  oxygen.  The 
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FIGURE  12.35  Si(Li)  detector  energy  resolution  as  a  function  of  x-ray  energy.  What  is  indicated  as 
electronic  noise  is  the  width  Te.  (From  http://www.canberra.com.  With  permission.) 


Channel  number 


FIGURE  12.36  Demonstration  of  the  superior  energy  resolution  of  Si(Li)  detectors  by  showing 
the  same  peak  recorded  with  a  Nal(TI)  scintillator  and  a  gas-filled  proportional  counter.  (From 
Muggleton,  A.  H.  F.,  Nucl.  Instrum.  Meth.  101 :1 1 3;1 972.  With  permission.) 
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manganese  fluorescence  spectrum  obtained  with  a 
Si(Li)  detector  is  shown  in  Figure  12.37. 

The  dependence  of  Si(Li)  detector  efficiency  on  the 
x-ray  energy  is  shown  in  Figure  12.38.  For  E  <  3  keV, 
the  efficiency  drops  because  of  the  absorption  of  the 
incident  x-rays  by  the  beryllium  detector  window. 
For  E  >  15  keV,  the  efficiency  falls  off  because  of  the 
decrease  of  the  total  linear  attenuation  coefficient  of 
x-rays  in  silicon  (Figure  12.39). 

Applications  of  x-ray  systems  have  included  semi¬ 
conductor  drift  detectors  for  x-ray  and  y-ray  spectros¬ 
copy  and  imaging,33  improvement  in  the  low  energy 
collection  efficiency  of  Si(Li)  x-ray  detectors,34  a  novel 
high  dynamic  range  x-ray  detector  for  synchrotron 
radiation  studies35  use  of  silicon  drift  detectors  for  the 
detection  of  medium-light  elements  in  PIXE,36  measure¬ 
ment  of  M-shell  x-ray  production  induced  by  protons  of 
0.3-0. 7  MeV  on  W,  Au,  Pb,  Bi,  Th,  and  U,37  and  design  of 
a  portable  generator-based  XRF  instrument  for  nonde¬ 
structive  analysis  at  crime  scenes.38 
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FIGURE  12.37  The  manganese  fluorescence  spectrum 
obtained  with  a  Si(Li)  detector.  (From  Muggleton,  A.  H.  F.,  Nucl. 
Instrum.  Meth.  101:113;1972.  With  permission.) 


12.7  CdTe,  CZT,  Hgl2,  LaBr,  AND  LaCI2  DETECTORS  AS 
GAMMA  SPECTROMETERS 

In  the  past  few  decades,  the  Nal(Tl)  and  BGO  (bismuth  germanate,  Bi4Ge3012)  scintilla¬ 
tion  detectors  have  been  the  main  stay  of  detectors  not  needing  cooling.  Over  the  past 
few  years,  there  has  been  significant  technological  advancements  of  the  so-called  room- 
temperature  semiconductor  detectors — ones  that  have  significant  better  resolution  than 


FIGURE  12.38  Si(Li)  detector  efficiency  as  a  function  of  x-ray  energy  for  different  beryllium 
window  thicknesses. 
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Nal(Tl)  and  BGO39-48  (see  also  Section  7.5.6).  At  this 
time  (2014),  they  can  be  obtained  in  relatively  small 
volumes,  but  they  still  have  an  intrinsic  efficiency 
of  about  75%  at  100  keV  because  of  the  high  atomic 
number  of  the  elements  involved.  The  energy  reso¬ 
lution  of  CdTe  detectors  is  18%  at  6  keV  and  1.3% 
at  662  keV.  The  corresponding  numbers  for  Hgl2  are 
8%  and  0.7%.45 

The  Hgl2  detectors  are  very  useful  for  the  mea¬ 
surement  of  x-rays  with  energy  less  than  10  keV.  In 
that  energy  range,  resolutions  of  245  eV  at  1.25  keV49 
and  295  eV  at  5.9  keV50  have  been  reported. 

As  with  small  Ge  detectors,  x-ray  escape  peaks 
are  present  in  spectra  taken  with  these  CdTe  and 
Hgl2  detectors.  Figure  12.40  shows  the  spectrum 
of  the  59.5-keV  x-rays  and  y-rays  from  241Am  taken 
with  a  CdTe  detector.  The  escape  peaks  due  to  the  Ka 
x-rays  of  cadmium  (23  keV)  and  tellurium  (27  keV) 
are  clearly  seen.  A  description  of  CdTe,  CdZnTe,  Csl, 
and  Hgl2  detectors  is  also  given  in  Section  7.5.6. 

One  of  the  first  comprehensive  review  articles 
on  room-temperature  semiconductor  detectors  was 
done  in  1997  by  McGregor  and  Herman.53  A  detailed 


FIGURE  12.39  Linear  photon  attenuation  coefficients  for  silicon. 
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FIGURE  12.40  The  59.5-keV  x-ray  of  241Am  detected  with  a  CdTe  detector.  (From  Siffert,  P.,  Nucl. 
Instrum.  Meth.  1 50:1  ;1 978.  With  permission.) 
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64%  239Pu 


Energy  (keV) 


FIGURE  12.41  Gamma-ray  spectra  of  high-burnup  (64%  239Pu)  plutonium  measured  with  four 
different  gamma-ray  detectors:  Nal:TI,  CPG  CdZnTe,  CdTe,  and  Ge  (top  to  bottom). 

application  of  CdZnTe  (CZT)  detectors  for  national  security  has  been  published.54  An 
excellent  overview  of  room  temperature  semiconductor  detectors  for  nondestructive  analy¬ 
sis  is  given  by  Russo  and  Vo.55  A  comparison  of  Nal,  CZT,  CdTe,  and  Ge  detectors  for  64% 
Pu  is  shown  in  Figure  12.41.  Room-temperature  semiconductor  detectors  are  being  used 
in  a  wide  variety  of  applications,  including  medical,  security,  astrophysics,  and  industrial 
measurements.56,57 
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PROBLEMS 

12.1  The  Compton  edge  of  a  y-ray  peak  falls  at  0.95  MeV.  What  is  the  energy  of  the  pho¬ 
ton?  What  is  the  energy  of  the  backscatter  peak? 

12.2  Sketch  the  energy  spectrum  you  would  expect  to  get  from  isotopes  having  the 
decay  schemes  shown  in  the  figure  below.  Explain  the  energy  and  origin  of  all 
peaks.  You  may  assume  either  a  Nal(Tl)  or  a  Ge  detector. 


12.3  A  liquid  sample  is  contaminated  with  equal  amounts  (mass,  not  activity)  of  131I  and 
137Cs.  Sketch  the  energy  spectra  you  expect  to  see  if  you  use  (a)  a  Nal(Tl)  crystal  with 
7%  energy  resolution  for  the  cesium  peak,  and  a  Ge(Li)  detector  with  energy  resolu¬ 
tion  given  by  Equation  12.14.  Assume  the  same  number  of  channels  is  used  with  both 
detectors.  Relevant  data  for  the  two  isotopes  are  given  in  the  table  below.  Assume 
that  the  sample  is  placed  at  a  distance  of  0.20  m  from  the  detectors.  The  Nal(Tl)  is  a 
3  in.  x  3  in.  crystal.  The  efficiency  of  the  Ge(Li)  detector  is  given  by  Figure  12.23. 


!31| 

137Cs 

E(MeV) 

Intensity  (%) 

E  (MeV) 

Intensity  (%) 

0.284 

5 

0.662 

85 

0.364 

82 

0.637 

6.8 

0.723 

1.6 

Half-life  =  8.05  days 

Half-life  =  30  years 

12.4  An  isotope  emits  two  gammas  with  energies  0.8  and  1.2  MeV  and  intensities  30% 
and  100%,  respectively.  Assume  that  a  Ge  detector  5-mm  thick  is  used  for  the  mea¬ 
surement  of  this  spectrum.  Also  assume  that  all  the  photons  are  normally  incident 
upon  the  detector.  Calculate  the  ratio  of  counts  under  the  0.8  MeV  spectrum  to 
counts  under  the  1.2  MeV  spectrum. 

12.5  What  is  the  width  above  which  the  two  peaks  of  Mn  shown  in  Figure  12.37  cannot 
be  resolved? 

12.6  Will  the  peaks  of  Figure  12.37  be  resolved  with  a  gas-filled  proportional  counter, 
assuming  the  best  possible  resolution  for  that  type  of  detector? 

12.7  An  isotope  emits  two  gammas  with  energies  900  and  950  keV.  Will  these  two  gam¬ 
mas  be  resolved  with  a  detector  having  an  energy  resolution  of  ~8%  in  that  energy 
range? 

12.8  A  137Cs  gamma  (0.662  MeV)  recorded  with  a  Nal  detector  shows  a  peak  with 
an  FWHM  equal  to  56  keV.  (a)  What  is  the  energy  resolution  (in  %)  for  this  peak? 
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(b)  Using  the  same  detector,  what  will  be  the  energy  resolution  (in  %)  for  the  1.332  MeV 
gamma  of  60Co?  (c)  What  will  be  the  width  of  this  60Co  peak? 

12.9  What  is  the  efficiency  of  a  50-mm-long  proportional  counter  filled  with  a  mixture 
of  xenon  (20%)  and  methane  at  a  pressure  of  1  atmosphere  for  a  parallel  beam  of 
10  keV  x-rays  (geometry  of  Figure  12.11)? 

12.10  Verify  the  efficiency  values  for  1  keV  x-rays,  shown  in  Figure  12.38  for  a  Si(Li) 
detector. 

12.11  Other  things  being  equal,  what  is  the  ratio  of  intrinsic  efficiencies  of  Si(Li)  and  Ge 
detectors  3  mm  thick  for  50  keV  x-rays? 

12.12  Prove  that  the  energy  of  a  photon  is  related  to  its  wavelength  by 


E  = 


1.2399 

l(nm) 


(keV) 
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13.1  INTRODUCTION 

A  charged  particle  passing  through  any  material  will  have  interactions  affecting  its  detec¬ 
tion  in  two  ways.  First,  the  energy  spectrum  is  distorted  because  of  the  energy  loss  caused 
by  the  interactions  in  any  mass  interposed  between  source  and  detector.  Second,  a  particle 
entering  the  active  detector  volume  will  interact  there  at  least  once  and  will  be  detected, 
that  is,  the  efficiency  is  practically  100%. 

Because  any  energy  loss  outside  the  detector  is  undesirable,  the  task  of  the  experi¬ 
menter  is  to  design  a  spectrometer  with  zero  mass  between  the  source  and  the  detector. 
Such  an  ideal  system  cannot  be  built,  and  the  only  practical  alternative  is  a  spectrometer 
that  results  in  such  a  small  energy  loss  outside  the  detector  that  reliable  corrections  can  be 
applied  to  the  measured  spectrum. 

In  certain  measurements,  the  particles  do  not  stop  in  the  detector,  but  they  go  through 
it  and  emerge  with  only  a  fraction  of  their  energy  deposited  in  the  detector.  Then  a  correc¬ 
tion  to  the  spectrum  of  the  exiting  particles  will  have  to  be  applied  because  of  energy  strag¬ 
gling  (see  Section  13.2),  a  term  used  to  describe  the  statistical  fluctuations  of  energy  loss. 
Energy  straggling  should  not  be  confused  with  the  statistical  effects  that  result  in  the  finite 
energy  resolution  of  the  detector. 

For  heavy  ions,  a  phenomenon  called  the  pulse  height  defect  (PHD)  (see  Section  13.5.1) 
seems  to  have  an  important  effect  on  energy  calibration.  Because  of  the  PHD,  the  relation¬ 
ship  between  pulse  height  and  ion  energy  is  mass-dependent.  In  semiconductor  detectors, 
experiments  have  shown  that  the  PHD  depends  on  the  orientation  of  the  incident  ion  beam 
relative  to  the  crystal  planes  of  the  detector.  This  phenomenon  is  called  channeling. 
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To  avoid  unnecessary  energy  loss,  the  source  of  the  charged  particles  should  be  pre¬ 
pared  with  special  care.  The  heavier  the  ion,  the  more  important  the  source  thickness 
becomes  and  the  more  difficult  the  source  preparation  is. 

This  chapter  discusses  the  subjects  of  energy  loss  and  straggling,  PHD,  energy  calibration 
methods,  and  source  preparation,  from  the  point  of  view  of  their  effect  on  spectroscopy.  All 
the  effects  are  not  equally  important  for  all  types  of  particles.  Based  on  similarity  in  energy 
loss  behavior,  the  charged  particles  are  divided  into  three  groups,  as  given  in  Chapter  4: 

1.  Electrons  and  positrons 

2.  Alphas,  protons,  deuterons,  tritons 

3.  Heavy  ions  (Z  >  2,  A  >  4) 

Energy  straggling,  which  is  a  phenomenon  common  to  all  particles,  is  discussed  first. 
Then  the  other  effects  are  analyzed  separately  for  each  particle  group. 


13.2  ENERGY  STRAGGLING 


If  a  monoenergetic  beam  of  charged  particles  traverses  a  material  of  thickness  Ax,  where 
Ax  is  less  than  the  range  of  the  particles  in  that  medium,  the  beam  will  emerge  from  the 
material  with  a  distribution  of  energies.  The  broadening  of  the  beam  is  due  to  the  statistical 
fluctuations  of  the  energy  loss  processes.  Simply  stated,  the  incident  particle  participates  in 
a  great  number  of  collisions  as  it  travels  the  distance  Ax,  and  loses  a  certain  fraction  of  its 
energy  in  every  collision.  However,  neither  the  number  of  collisions  nor  the  energy  lost  per 
collision  is  constant,  resulting  in  a  distribution  of  energies  called  energy  straggling. 

Energy  straggling  plays  no  role  in  the  measurement  of  the  total  energy  of  the  charged 
particle.  It  does  play  a  significant  role,  however,  in  transmission-type  experiments  where 
the  particle  emerges  from  a  detector  after  depositing  only  a  fraction  of  its  energy  in  it. 

Consider  a  monoenergetic  beam  of  particles  with  kinetic  energy  T0  (Figure  13.1)  going 
through  a  thickness  Ax  that  is  a  fraction  of  the  particle  range.  The  average  energy  T  of  the 
emerging  particles  is 


(13.1) 


o 


► 


T  Tp 

Particle  kinetic  energy,  T 


FIGURE  13.1  A  monoenergetic  beam  will  exhibit  an  energy  distribution  after  going  through  a 
material  of  thickness  Ax<  R. 
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where  dE/dx  is  the  stopping  power  of  the  medium  for  the  incident  particle  (see  Chapter  4). 
In  most  cases,  T  <Tp,  where  T  is  the  most  probable  energy  of  the  particles  after  going 
through  the  thickness  Ax. 

The  shape  of  the  energy  distribution  shown  in  Figure  13.1  is  determined  by  the  param¬ 
eter  k, 


k  = 


AE  max 


(13.2) 


where  E,  is  roughly  equal  to  the  mean  energy  loss  of  the  particle  traversing  the  thickness 
Ax,  and  A £max  is  the  maximum  energy  transfer  to  an  atomic  electron  in  one  collision.  The 
expressions  for  E,  and  A £max  are 


E,  =  2nr02mc2 


Z[NZ2 

P2 


Ax 


(13.3) 


2  me2 


P2 

1-P2 


1  + 


-l 


+  2 


m  1 


(13.4a) 


All  the  symbols  in  Equations  13.3  and  13.4a  have  been  defined  in  Section  4.3,  except 
Zl7  the  charge  of  the  incident  particle,  and  Z2,  the  atomic  number  of  the  stopping  material. 
For  nonrelativistic  particles  (p  <SC  1),  which  are  much  heavier  than  electrons,  Equation  13.4a 
takes  the  form 


E 


max 


4  mM| 
(m  +  MJ2 


(13.4b) 


If  M1 »  m,  then  Equation  13.4b  takes  the  form  AEmzx  =  4{m/M1)T,  where  T=  1/2 
MjD2  =  kinetic  energy  of  the  particle  with  mass  Mv 

For  small  values  of  k  (k  <  0.01),  a  small  number  of  collisions  takes  place  in  the  stopping 
medium  and  the  resulting  distribution  is  asymmetric  with  a  low-energy  tail.  Landau1  first 
investigated  this  region  and  obtained  a  universal  asymmetric  curve.  The  case  of  intermedi¬ 
ate  lvalues  (0.1  <  k  <  10)  was  first  investigated  by  Symon2  and  later  by  Vavilov.3  The  Vavilov 
distribution  was  checked  and  was  found  to  agree  with  experiment.4  For  small  k,  the  Vavilov 
distribution  takes  the  shape  of  the  Landau  result,  whereas  for  large  k,  when  the  number  of 
collisions  is  large,  it  becomes  a  Gaussian.  Figure  13.2  shows  how  the  distribution  changes 
as  a  function  of  k.  Many  other  authors  have  studied  special  cases  of  the  energy  straggling 
problem.5-11 

The  variance  of  the  energy  straggling  distribution  was  first  calculated’  by  Bohr12  using 
a  classical  model.  Bohr’s  result  is 


c|  =  {AT)2  -  {AT)2  =  4nr£{mc2)2  ZfZ2NAx  (13.5) 


The  calculation  is  presented  by  Evans  (1972)  and  Segre  (1965). 
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FIGURE  13.2  The  Vavilov  distribution  shown  for  various  values  of  the  parameter  k.  The  quantity 
<(>  is  a  measure  of  the  probability  that  a  particle  will  lose  energy  between  T  and  T  +  dTin  traversing 
thickness  Ax.  The  parameter  X  =  (T  -  T)/^  -  0.423  —  (32  —  In  k.  (From  Skyrme,  D.  J.,  Nucl.  Instrum. 
Meth.  57:61;1967.  With  permission.) 

where  AT  =  energy  loss  in  a  specific  case  and  T  =  average  energy  loss  given  by  T0-T 
(Equation  13.1). 

The  width  T  of  the  distribution  is  equal  to  2V2ln2o£. 

Livingston  and  Bethe13  obtained  a  different  expression  by  incorporating  quantum- 
mechanical  concepts  into  the  calculation.  Their  result  is 


ct|  =  4jtr02(wzc2)2Z2Z 


Zi  + 


8  I,Z, 


'3  A E„ 


AEmax 


Ax 


(13.6) 


where  Z'2  =  effective  atomic  number  of  the  stopping  material  and  ljZi  =  ionization  potential 
and  number  of  electrons,  respectively,  in  the  ith  atomic  shell  of  the  stopping  material. 

A £max  is  given  by  Equation  13.4a.  A  third  expression  for  o|  was  obtained  by  Titeica.14 
It  is  worth  noting  that  Bohr’s  result  (Equation  13.5)  is  independent  of  the  particle  energy, 
whereas  the  Bethe-Livingston  (Equation  13.6)  and  the  Titeica  result  have  a  small  energy 
dependence. 

The  expressions  for  o|  mentioned  above  were  all  obtained  by  taking  into  account  elec¬ 
tronic  collisions  only.  Nuclear  collisions  (see  Chapter  4)  are  rare,  but  they  cause  large  energy 
losses.  As  a  result,  they  do  not  contribute  significantly  to  the  average 
energy  loss  but  they  do  influence  the  energy  distribution  by  giving  it  a 
low-energy  tail.  (The  energy  loss  distribution  will  have  a  high-energy  tail.) 

The  width  of  the  energy  distribution  after  the  beam  traverses  a 
thickness  Ax  consists  of  a  partial  width  Ts  due  to  straggling  and  a  second 
one  Td  due  to  the  resolution  and  noise  of  the  detection  system.  The  total 
width  T  is  obtained  by  adding  the  two  partial  widths  in  quadrature: 


-  Detector 

-  Movable 
absorber 


•  Source 

To  vacuum  pump 


r  =  v/r 


12 +  rj 


(13.7) 


FIGURE  13.3  The  experimental  setup  used  in  ^  energy  straggling  is  measured  with  an  experimental  setup 

the  study  of  energy  straggling.  shown  schematically  in  Figure  13.3.  A  source,  a  detector,  and  a  movable 
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absorber  are  housed  in  an  evacuated  chamber,  to  avoid  any  energy  loss  as  the  particles 
travel  from  the  source  to  the  detector.  The  width  Yd  is  measured  first  by  recording  the 
particle  energy  spectrum  with  the  absorber  removed.  Then  the  absorber  is  put  into  place 
and  the  measured  spectrum  gives  the  width  T.  The  straggling  width  is,  using  Equation  13.7, 

rs  =  Vr2  -  r2d  (13.8) 

By  using  absorbers  of  different  thicknesses,  the  width  T.  may  be  studied  as  a  function  of 
Ax.  Measurements  of  this  type  have  been  performed  by  many  people,  especially  with  alpha 
particles.15,16  For  small  thicknesses,  the  experimental  results  agree  with  theory,  but  for  large 
thicknesses,  the  theory  underestimates  the  width.  Figure  13.4  shows  results  for  thin  and 
thick  silver  foils.  It  should  be  noted  that  according  to  the  theory  (Equations  13.5  and  13.6), 
the  width  Ts  is  proportional  to  VKx  assuming  that  Zx  does  not  change  as  the  particle  tra¬ 
verses  the  thickness  Ax. 

Energy  straggling  is  more  pronounced  for  electrons  than  for  heavier  particles  for  three 
reasons.  First,  electrons  are  deflected  to  large  angles  and  may  lose  up  to  half  of  their  energy 
in  one  collision.  Second,  large-angle  scattering  increases  their  path  length.  Third,  electrons 
radiate  part  of  their  energy  as  bremsstrahlung.  All  three  effects  tend  to  increase  the  fluc¬ 
tuations  of  the  energy  loss.  Results  of  electron  transmission  and  straggling  measurements 
have  been  reported  by  many  observers.  A  typical  spectrum  of  straggled  electrons  is  shown 
in  Figure  13.5,  which  compares  the  experimental  result17  with  a  Monte  Carlo  calculation.18 

Range  straggling  is  a  phenomenon  related  to  energy  straggling  by  the  equation 

(13.9) 

where  o|  is  the  range  variance.  Range  straggling  refers  to  the  path  length  distribution  of 
monoenergetic  particles  traversing  the  same  absorber  thickness  (for  more  details,  see  Section 
22.5  of  Evans,  1972).  For  spectroscopy  measurements,  only  energy  straggling  is  important. 


(a)  (b) 


FIGURE  13.4  Alpha  particle  energy  straggling  for  (a)  thin  and  (b)  thick  foils  of  silver,  ((a)  Data  (•) 
from  Strittmatter,  R.  B.  and  Wehring,  B.  W.,  Nucl.  Instrum.  Meth.  135:173;1976;  (■)  measurements  of 

Sykes  and  Harris  (Kalbitzer,  S.  et  al.,  Nucl.  Instrum.  Meth.  54:323;! 967.);  ( - )  calculation  from  Bohr, 

N.,  Philos.  Mag.  30:581;1915;  ( —  )  calculation  from  Livingston,  M.  S.  and  Bethe,  H.,  Rev.  Mod.  Phys. 
9:245;1937;  (y)  measurements  from  Comfort,  J.  R.  et  al.,  Phys.  Rev.  150:249;1966.  (b)  Experimental 
points  from  Comfort,  J.  R.  et  al.,  Phys.  Rev.  150:249;1966;  the  lines  are  results  of  calculations.) 
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FIGURE  13.6  Some  of  the 
electrons  incident  upon  the 
detector  are  backscattered 
and  deposit  only  part  of 
their  energy  in  it. 


FIGURE  13.5  Energy  spectrum  of  8-MeV  electrons  transmitted  through  2.52  g/cm2  of  Be  and 
observed  at  20°  from  the  direction  of  the  incident  beam.  The  histogram  is  the  result  of  a  Monte 
Carlo  calculation  (Reference  18).  The  experimental  points  are  from  Reference  17. 

Energy  straggling  still  remains  an  important  phenomenon  for  a  wide  variety  of  research 
areas,  including  the  photon  self-absorption  correction  for  thin-target-yields  versus  thick- 
target-yields  in  radionuclide  production,19  high-energy  resolution  alpha  spectrometry  using 
cryogenic  detectors,20  and  design  and  construction  of  a  new  chamber  for  measuring  the 
thickness  of  alpha  particle  sources.21 


13.3  ELECTRON  SPECTROSCOPY 


Under  the  common  title  of  electron  spectroscopy,  this  section  discusses  the  most  important 
problems  of  electron,  positron,  and  beta-ray  energy  measurements:  backscattering,  energy 
resolution  and  detector  response  functions,  energy  calibration,  and  source  preparation. 


13.3.1  Electron  Backscattering 


Electrons  moving  through  a  detector  behave  differently  from  heavier  charged  particles  in  two 
respects.  First,  as  a  result  of  successive  collisions  with  atomic  electrons,  the  incident  electrons 
may  be  deflected  by  more  than  90°,  that  is,  they  may  be  backscattered.  Second,  electrons  slow¬ 
ing  down  lose  part  of  their  energy  as  bremsstrahlung.’  In  general,  the  effect  of  bremsstrahlung 
production  on  spectrum  distortion  is  small.  Backscattering  in  the  detector,  on  the  other  hand, 
is  important,  and  therefore  corrections  to  the  measured  spectrum  have  to  be  applied.  The 
effect  of  backscattering  on  electron  energy  spectra  is  discussed  in  this  section. 

Consider  a  monoenergetic  electron  beam  of  energy  T0  impinging  normally  upon  a 
detector  of  thickness  x,  where  x  >  R(T0)  (Figure  13.6)  and  R{T0)  is  the  range  of  electrons  of 
energy  T0  in  the  material  of  which  the  detector  is  made.  Most  of  the  incident  electrons  will 
deposit  all  their  energy  in  the  detector  (electron  A,  Figure  13.6)  and  thus  generate  a  pulse 


Every  charged  particle  slowing  down  radiates  part  of  its  energy.  For  particles  other  than  electrons,  however, 
and  for  the  energies  considered  here,  the  bremsstrahlung  can  be  ignored  (see  Chapter  4). 


FIGURE  13.6  Some  of  the 
electrons  incident  upon  the 
detector  are  backscattered 
and  deposit  only  part  of 
their  energy  in  it. 
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proportional  to  T0.  But  some  electrons  (like  B,  C,  or  D,  Figure  13.6)  are  scattered  out  of  the 
detector  before  they  deposit  all  their  energy  in  it.  Such  particles  will  give  rise  to  a  pulse 
smaller  than  that  corresponding  to  energy  T0.  As  a  result  of  electron  backscattering,  the 
energy  spectrum  of  a  monoenergetic  source  will  have  a  full-energy  peak  and  a  low-energy 
tail,  as  shown  in  Figure  13.7. 22-26  The  fraction  of  electrons  recorded  in  the  tail 


1.  Increases  with  the  atomic  number  of  the  detector  material 

2.  Changes  slowly  with  the  energy  T0 

3.  Increases  as  the  incident  angle  of  the  beam  deviates  from  the  normal 

An  electron  energy  spectrum  measured  with  a  plastic  scintillator  is  shown  in  Figure 
13.8.  It  is  represented  extremely  well  by  the  following  analytic  function,  which  was  devel¬ 
oped  by  Tsoulfanidis  et  al.23  and  is  shown  in  Figure  13.9. 


FIGURE  13.7  The 
dashed  line  shows  the 
measured  spectrum 
without  backscattering  in 
the  detector.  The  solid  line 
shows  the  same  spectrum 
with  backscattering. 


R{E,E') 


lb  ,  ( E-E'\  1  -b  \  l(E-E')2 


(13.10) 


where 


erfc(x)  =  1 


Channel 


FIGURE  13.8  The  113Sn  internal  conversion  electron  spectrum  obtained  with  a  plastic  scintillator. 
The  solid  line  was  obtained  using  Equation  13.10.  (From  Tsoulfanidis,  N.  et  al.,  Nucl.  Instrum.  Meth., 
73:98;1969.  With  permission.) 
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and 

0  =  standard  deviation  of  the  Gaussian 
b  =  fraction  of  electrons  in  the  tail 

The  backscattering  fraction  b  is  given  by 


b  = 


1  +  y/2n\  —  —  — 
VT  2 


(13.11) 


FIGURE  13.9  Analytical  response  function  for 
monoenergetic  electrons  measured  by  a  thin  plastic 
scintillator.  Shown  are  the  backscattering  tail  (...)  and 
the  Gaussian  ( - ). 


where  (Figure  13.9)  g  is  the  height  of  the  peak  and  t  is  the  height 
of  the  backscattering  tail. 

Similar  results  have  been  obtained  with  a  Si(Li)  detector.23,26 
Additional  references  on  the  subject  are  given  by  Bertolini  and 
Coche  (see  their  Section  4.3.3).  Semiempirical  formulas  giving 
the  value  of  b  as  a  function  of  Z  and  T  have  been  developed  by 
many  authors27,28  but  such  equations  are  of  limited  general  value 
because  the  response  function  and  the  backscattering  depend  on  the  geometry  of  the  sys¬ 
tem;  for  this  reason,  response  function  and  backscattering  should  be  measured  for  the 
actual  experimental  setup  used  by  the  individual  observer. 


13.3.2  Energy  Resolution  and  Response  Function  of  Electron 
Detectors 


0.1  1.0  10.0 
Energy,  MeV 


FIGURE  13.10  Measured  (•)  and  unfolded 
(o)  beta  spectra  from  235U  fission  fragments. 
Unfolding  removes  the  effect  of  backscat¬ 
tering  in  the  detector;  thus,  it  reduces  the 
spectrum  at  the  low-energy  end.  (From 
Tsoulfanidis,  N.  et  al.,  Nucl.  Sci.  Eng.  43:42;1971. 
With  permission.)  (Reference  29) 


The  best  energy  resolution  for  electrons  is  obtained  using  silicon  semicon¬ 
ductor  detectors,  with  the  possible  exception  of  magnetic  spectrometers. 
Silicon  detectors  maybe  surface-barrier  or  Si(Li)  detectors  (see  Chapter  7). 
The  surface-barrier  detectors  operate  at  room  temperature,  while  the  Si(Li) 
detectors  give  best  results  when  cooled  to  liquid  nitrogen  temperatures. 
The  energy  resolution  of  semiconductor  detectors  is  determined  by  the 
electronic  noise  alone.  It  deteriorates  as  the  area  and  the  sensitive  depth 
of  the  detector  increase.  For  commercial  detectors,  the  full  width  at  half 
maximum  (FWHM)  ranges  from  about  7  to  30  keV. 

The  energy  resolution  of  scintillators,  plastic  scintillators  in  particular, 
is  much  worse.  It  is  of  the  order  of  8-10%  at  1  MeV,  which  gives  an  FWHM 
of  80-100  keV.  For  scintillators,  the  FWHM  is  roughly  proportional  to 
\[E.  Plastic  scintillators  have  two  advantages  over  semiconductor  detec¬ 
tors:  the  backscattering  fraction  is  less  for  scintillators  because  of  their 
lower  atomic  number,  and  the  timing  characteristics  are  extremely  useful 
for  certain  types  of  measurements.  The  pulse  rise  time  is  about  0.1  ns  for 
a  plastic  scintillator,  while  for  a  silicon  detector  it  is  between  1  and  10  ns. 

The  response  function  of  electron  detectors  is  of  the  form  shown  in 
Figure  13.9.  Because  of  the  low-energy  tail,  if  one  measures  a  continuous 
spectrum  (e.g.,  one  beta  spectrum  or  a  mixture  of  beta  spectra),  the  mea¬ 
sured  spectrum  will  be  higher  than  the  source  spectrum  at  the  low-energy 
end  and  lower  at  the  high-energy  end,  as  shown  in  Figure  13.10.  Therefore, 
spectrum  unfolding  is  necessary  to  shift  back  to  their  proper  energy  all 
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the  betas  that  were  incorrectly  recorded  at  lower  energies  because  of  backscattering.  The 
iteration  method  of  unfolding,  described  in  Section  11.5.3,  is  suitable  for  beta  spectra.  The 
spectrum  shown  in  Figure  13.10  was  unfolded  using  that  method. 

13.3.3  Energy  Calibration  of  Electron  Spectrometers 

The  energy  calibration  of  any  spectrometer  requires  the  use  of  sources  of  known  energy 
and  preferably  of  monoenergetic  sources.  Monoenergetic  electron  sources  are  provided  by 
accelerators  and  by  radioisotopes  emitting  internal  conversion  (IC)  electrons  (see  Chapter  3). 

The  advantage  of  the  accelerators  is  their  ability  to  provide  a  monoenergetic  beam  with 
any  desired  energy  from  zero  up  to  the  upper  limit  of  the  machine.  The  disadvantages  are 
their  expensive  operation  and  the  fact  that  the  spectrometer  has  to  be  moved  to  the  accel¬ 
erator  beam. 

IC  emitters  are  relatively  inexpensive  to  obtain  and  very  easy  to  handle.  They  have  the 
disadvantage  that  they  emit  not  only  IC  electrons  but  also  gammas.  Thus,  when  a  spectrum 
is  recorded,  the  result  includes  both  IC  electrons  and  Compton  electrons  created  by  gam¬ 
mas  that  interact  in  the  detector.  One  may  eliminate  the  Compton  electrons  by  utilizing 
the  x-rays  that  are  also  given  off  by  the  IC  source.  The  x-rays  are  emitted  in  coincidence 
with  the  IC  electrons,  while  the  gammas,  and  therefore  the  Compton  electrons  too,  are  not. 
Thus,  if  the  IC  electrons  are  counted  in  coincidence  with  the  x-rays,  the  Compton  electrons 
will  not  be  recorded. 

IC  sources  emit  I<,  L,  ...  electrons.  The  energy  resolution  of  silicon  semiconductor 
detectors  is  so  good  that  separation  of  the  I<,  L,  ...  electrons  is  possible.  Figure  13.11  shows 
the  IC  electron  energy  spectrum  of  207Bi,  one  of  the  most  widely  used  calibration  sources. 
The  excellent  energy  resolution  of  the  detector  distinguishes  I<,  L,  and  M  electrons.  The  I<a 
and  I<p  x-rays,  which  accompany  the  IC  process,  are  also  known. 

Pure  beta-emitting  isotopes  exist  and  may  be  used  for  calibration,  but  only  after  the 
energy  spectrum  is  cast  into  a  form  called  the  Kurie  plot.  The  beta  spectrum  is  continu¬ 
ous  and  extends  from  zero  energy  up  to  a  maximum  end  point  kinetic  energy  (see  Figure 
13.12).  Because  of  the  shape  of  the  spectrum,  it  is  impossible  to  accurately  determine  the 


v,  10,000 


u  7500 


c 

°  5000 


U 


2500 

0 


I<_  =  74  keV 


w 


4.4  keV  ■ 
Compton  edge 


250 


£k  =  481.6  keV 

I 

-If 


i 


£,  =  554  keV 


jL 


500 

Channel  number 


£K  =  975.4  keV 

I 


4.8  keV  — ► 


JL 


E,  =  1048  keV 

J,  1 


1 


£„  =  1060  keV 


750 


FIGURE  13.11  The  207Bi  internal  conversion  electron  spectrum  obtained  with  a  silicon  semi¬ 
conductor  detector.  (Reprinted  from  Nucl.  Instrum.  Meth.,  39,  Meyer,  O.  and  Langmann,  H.  J.,  119, 
Copyright  1966,  with  permission  from  Elsevier.) 
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FIGURE  13.12  A  typical  beta  energy  spectrum  (solid 
line)  and  its  Kurie  plot  (dashed  line). 


end  point  energy.  However,  from  the  theory  of  beta  decay,  it 
is  known  that  the  beta  spectrum  may  be  written  as31 


i  rw~ 

E\G{Z,E) 


k(e0  -  e) 


(13.12) 


where 

e  =  beta  kinetic  energy  in  units  of  me 2 
E=T+  me2  =  (e  +  l)mc2  =  total  energy 
G(Z,  E)  =  modified  Fermi  function  of  (3  decay 
k  =  constant  independent  of  energy  (for  allowed 
transitions) 


If  the  left-hand  side  of  Equation  13.12  is  plotted  against  8,  the  result  is  a  straight  line 
that  crosses  the  energy  axis  at  8  =  e0.  The  Kurie  plot  is  a  straight  line  for  allowed  beta  transi¬ 
tions.  A  "forbidden”  beta  decay  will  show  an  upward  curvature  at  the  end.31 


13.4  ALPHA,  PROTON,  DEUTERON,  AND  TRITON 
SPECTROSCOPY 

Protons,  deuterons,  tritons,  and  alpha  particles  behave  similarly  as  far  as  energy  loss  and 
straggling  are  concerned.  As  they  travel  in  a  medium,  they  are  deflected  very  little  from 
their  direction  of  incidence,  as  a  result  of  which  backscattering  is  insignificant  and  their 
range  is  almost  equal  to  their  path  length. 

To  avoid  significant  energy  loss,  the  particles  must  go  through  as  small  a  mass  as  possible 
when  they  move  from  the  source  to  the  detector.  This  is  accomplished  by  making  the  source 
cover  and  the  detector  window  as  thin  as  possible.  The  entrance  window  of  such  detectors 
consists  of  a  metallic  layer,  usually  gold,  with  a  thickness  of  4  x  10-4  kg/m2  (40  pg/cm2)  or  less. 
The  measurements  are  performed  in  an  evacuated  chamber  to  avoid  energy  loss  in  air. 

The  discussion  in  the  rest  of  this  section  uses  examples  from  alphas,  but  the  points 
made  are  valid  for  the  other  particles  of  this  group.  Alphas  have  been  studied  and  used 
much  more  extensively  than  the  others,  providing  a  basis  for  discussion. 


5.443  MeV 


5.486  MeV 


14.8  KeV  FWHM 


FIGURE  13.13  The  24,Am  alpha 
spectrum  obtained  with  a  silicon 
surface-barrier  detector. 


13.4.1  Energy  Resolution  and  Response  Function 
of  Alpha  Detectors 

The  best  energy  resolution  is  obtained  with  silicon  surface-barrier  detectors.  Most 
detector  manufacturers  quote  the  resolution  obtained  for  the  5.486-MeV  alphas 
of  241Am.  A  typical  spectrum  obtained  with  a  detector  having  25  mm2  active  area 
and  100  )im  sensitive  depth  is  shown  in  Figure  13.13.  The  resolution  deteriorates 
somewhat  as  the  detector  size  increases.  Since  the  response  function  of  alpha 
detectors  is  a  narrow  Gaussian,  there  is  no  need  to  unfold  a  measured  monoener- 
getic  alpha  spectrum. 

Spectroscopy  of  alpha  particles  has  been  studied  extensively  primarily  because 
of  the  naturally  occurring  radionuclides  in  the  environment,  nuclear  fuel  cycle, 
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and  the  potential  impact  that  actinides  have  on  the  environment.  These  studies  include 
the  separation  of  plutonium  from  irradiated  uranium  and  identified  by  a-spectroscopy,32 
current  status  of  a-particle  spectrometry,33  simulation  of  alpha  particle  spectra  from 
aerosol  samples,34  determination  of  226Ra  in  environmental  and  geological  samples  by 
a-spectrometry  using  225Ra  as  yield  tracer,35  evolution  of  chemical  species  during  electro¬ 
deposition  of  uranium  for  alpha  spectrometry,36  high-energy  resolution  alpha  spectrometry 
using  cryogenic  detectors,37  microcolumn  solid-phase  extraction  to  determine  uranium 
and  thorium  in  environmental  samples,38  determination  of  parameters  relevant  to  alpha 
spectrometry  when  employing  source  coating,39  and  a  rapid  method  for  a-spectrometric 
analysis  of  radium  isotopes  in  natural  waters  using  ion-selective  membrane  technology.40 
a-Spectroscopy  is  also  used  for  fundamental  measurements  of  the  half-life  of  246Cm  and  the 
a-decay  emission  probabilities  of  246Cm  and  250Cf.41 


13.4.2  Energy  Calibration 

All  isotopes  with  Z  >  82  emit  alphas  in  the  energy  range  4  MeV  <  T<  8  MeV,  each  isotope 
giving  off  more  than  one  group  of  alphas.  A  particular  isotope  is  selected  to  be  used  for 
calibration  based  on  the  energy  of  the  alphas,  the  presence  of  other  interfering  radiations, 
and  its  half-life.  For  example,  the  isotope  241Am  is  very  popular  because  it  has  a  432 -year 
half-life  and  its  only  other  radiation  emitted  is  237Np  x-rays.  Other  isotopes  frequently  used 
are  210Po,  226Ra,  and  252Cf.  Alpha  sources  with  Ta>  8  MeV,  as  well  as  sources  of  protons, 
deuterons,  and  tritons  of  any  energy,  can  be  provided  by  accelerators  only. 


13.4.3  Source  Preparation 

The  main  precaution  taken  in  the  preparation  of  a  source 
of  alpha  particles  using  an  alpha-emitting  radioisotope 
is  to  cover  its  front  face  with  the  thinnest  possible  layer 
of  material.  Commercial  sources  are  made  by  sand¬ 
wiching  the  radioisotope  between  two  thin  foils.  Figure 
13.14  shows  a  241Am  source  made  by  the  Amersham 
Corporation. 

Alpha-emitting  isotopes  are  considered  extremely 
hazardous  when  ingested,  and  in  particular  when  they 
enter  the  lungs.  To  avoid  accidental  exposure,  the  user 
should  always  be  certain  that  the  source  cover  has  not 
been  damaged.  The  user  should  also  be  aware  that  all 
alpha  sources  emit  a  small  number  of  neutrons,  pro¬ 
duced  either  through  (a,  n)  reactions  with  the  source¬ 
supporting  material  or  from  spontaneous  fission  of  the 
radioisotope  itself. 


FIGURE  13.14  A  24,Am  source.  (From  Amersham  Corp.) 


13.5  HEAVY-ION  (Z  >  2)  SPECTROSCOPY 

Heavy-ion  spectroscopy  is  different  from  that  of  lighter  charged  particles  because  of  the 
PHD,  which  makes  the  energy  calibration  equation  mass  dependent. 
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13.5.1  Pulse  Height  Defect 

The  measurement  of  particle  energy  with  any  type  of  detector  is  based  on  the  assumption 
that  the  charge  collected  at  the  output  of  the  detector  is  proportional  to  the  energy  of  the 
incident  particle  deposited  in  the  detector.  The  assumption  is  valid  if  all  the  particle  energy 
is  lost  in  ionizing  collisions  and  all  the  charge  produced  in  the  detector  is  collected,  that  is, 
no  recombination  takes  place. 

Experiments  have  shown  that  heavy  ions  moving  in  gases  lose  part  of  their  energy 
in  nonionizing  collisions  with  nuclei.  The  same  phenomenon,  known  as  PHD,  has  been 
observed  in  semiconductor  detectors.  The  PHD,  which  is  negligible  for  alphas  and  lighter 
particles,  is  defined  as  the  difference  between  the  energy  of  a  heavy  ion  and  that  of  a 
light  ion  (usually  an  alpha  particle)  that  generates  the  same  pulse  height  in  the  detector. 
Experimental  results  showing  this  phenomenon  are  presented  in  Figure  13. 15.42  Note  that 
for  alphas  and  carbon  ions,  the  relationship  between  energy  and  pulse  height  is  linear. 
Nickel  and  silver  ions  show  a  small  PHD.  Heavier  ions  (Au,  U)  show  a  significant  PHD. 

The  PHD  is  the  result  of  the  following  three  contributing  defects42-47: 

1.  The  nuclear  defect  is  due  to  nuclear  collisions.  As  a  result  of  such  collisions,  the 
moving  ion  imparts  energy  upon  other  nuclei.  The  recoiling  nuclei  lose  their  energy 
partly  in  electronic  ionizing  collisions  and  partly  in  nuclear  nonionizing  ones.  The 


FIGURE  13.15  The  relationship  between  energy  and  pulse  height  (channel)  for  ions  with  differ¬ 
ent  masses.  (Reprinted  from  Nucl.  Instrum.  Meth.,  92,  Wilkins,  B.  D.  et  al.,  381,  Copyright  1971,  with 
permission  from  Elsevier.) 
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nuclear  defect  has  been  calculated45  based  on  the  work  of  Bohr1  and  of  Lindhard 
et  al.48  (see  also  Chapter  4). 

2.  The  recombination  defect  arises  from  incomplete  collection  of  the  charge  produced 
in  the  detector.  A  heavy  ion  is  a  strongly  ionizing  particle.  It  creates  a  dense  plasma 
of  electron-hole  pairs  along  its  path,  a  plasma  that  reduces  the  electric  field  estab¬ 
lished  by  the  external  bias  applied  to  the  detector.  The  reduction  of  the  electric  field 
intensity  hinders  the  drifting  of  the  electrons  and  holes  and  thus  increases  the  prob¬ 
ability  of  recombination.  The  calculation  of  this  defect  is  not  so  easy  as  that  of  the 
nuclear  one,  but  an  approximate  calculation  was  performed  by  Wilkins  et  al.42 

3.  The  window  defect  is  due  to  energy  loss  in  the  dead  layer  (window)  of  the  front 
surface  of  the  detector.  It  can  be  obtained  from  the  thickness  of  the  window  and 
the  stopping  power  of  the  ion.  The  thickness  of  the  window  can  be  measured  by 
determining  the  change  in  pulse  height  as  a  function  of  the  incident  angle  (see 
Problem  7.7). 

The  PHD  for  iodine  and  for  argon  ions  has  been  measured  by  Moak  et  al.49  using  the 
channeling  effect  in  silicon.  Pulse-height  distributions  were  measured  by  first  aligning  the 
direction  of  incident  ions  with  the  [110]  crystal  axis  of  the  silicon  surface-barrier  detector 
and  then  by  letting  the  ions  impinge  at  an  angle  with  respect  to  the  same  axis.  In  the  first 
case,  the  ions  moved  along  the  channel  between  two  planes  ( channeled  ions);  in  the  second, 
they  did  not  ( unchanneled  ions).  The  channeled  ions  showed  an  energy  resolution  about 
three  times  better  than  that  of  unchanneled  ones,  and  essentially  no  PHD  (Figure  13.16). 
This  result  can  be  explained  by  assuming  that  the  channeled  ions  traveling  between  atomic 
planes  lose  all  their  energy  in  ionizing  collisions,  all  the  way  to  the  end  of  their  track.  Similar 
results  have  been  obtained  with  235U  fission  fragments43  and  252Cf  fission  fragments.50 


Ion  energy,  MeV 


FIGURE  13.16  Pulse-height  response  of  a  Si  surface-barrier  detector  for  "channeled"  and 
"unchanneled"  ions.  (From  Moak,  C.  D.,  Dabbs,  J.  W.  T.,  and  Walker,  W.  W.,  Rev.  Sci.  Instrum. 

1 131 :37;1 966.  With  permission.) 
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The  lack  of  nuclear  collisions  for  channeled  ions  is  not  the  only  phenomenon  that 
affects  the  pulse  height.  It  is  known  that  the  electron  density  is  much  reduced  along  the 
channel.  As  a  result,  the  electronic  stopping  power  is  lower  and,  consequently,  so  is  the 
charge  density  produced  by  the  heavy  ion.  Thus,  not  only  the  nuclear  but  also  the  recombi¬ 
nation  defect  is  reduced  for  the  channeled  ions. 

The  PHD  increases  slowly  with  ion  energy,  as  shown  in  Figure  13.16. 


13.5.2  Energy  Calibration:  The  Schmitt  Method 

The  relationship  between  the  pulse  height  h  and  the  kinetic  energy  T  of  a  heavy  ion  was 
determined  by  Schmitt  et  al. 51,52  to  be  of  the  form 

T=  (a  +  bM)h  +  c  +  dM  (13.13) 


where  M  is  the  mass  of  the  ion  and  a,  b,  c,  and  d  are  constants.  The  calibration  of  the  detec¬ 
tor,  that  is,  the  determination  of  the  constants  a,  b,  c,  and  d,  can  be  achieved  in  two  ways. 
The  first  is  an  absolute  calibration  and  the  second  is  a  relative  one. 


Absolute  energy  calibration  is  performed  with  the  help  of  an  accelerator.  One  measures 
the  pulse  heights  of  four  monoenergetic  beams  of  ions  with  known  mass.  Substitution  of 
the  known  energy,  mass,  and  pulse  height  into  Equation  13.13  provides  four  equations  with 
four  unknowns  that  can  be  solved  for  the  constants  a,  b,  c,  and  d. 

For  fission-fragment  measurements,  a  relative  calibration  is  used.  The  calibration  con¬ 
stants  of  Equation  13.13  are  determined  in  terms  of  two  pulse  heights  H  and  Z,  of  a  fission- 
fragment  spectrum  (Figure  13.17),  where  H  and  L  represent  pulse  height  corresponding  to 
the  mid-point  at  three-quarters  maximum  of  the  heavy  or  light  fragment  peak,  respectively. 
The  equations  for  the  constants  are 


FIGURE  13.17  The 

dependence  of  the 
pulse-height  defect  on 
ion  energy.  The  numbers 
correspond,  approxi¬ 
mately,  to  uranium  ions. 
(From  Wilkins,  B.  D.  et  al., 
Nucl.  Instrum.  Meth. 
92:381;1971.) 


TABLE  13.1 

Schmitt  Calibration  Constants  for  252Cf 
and  235U  Fission  Fragments51,89 


Constant 

252Cf 

235y 

a< 

24.0203 

30.9734 

a2 

0.03574 

0.04596 

89.6083 

87.8626 

C?4 

0.1370 

0.1345 

CL\ 

a  = - 

(13.14) 

L  —  H 

b-  a°- 

(13.15) 

L  —  H 

c  =  a3  —  aL 

(13.16) 

1 

II 

(13.17) 

and  the  constants  ap  a2,  a3,  and  a4  for  252Cf  and  235U  fission  fragments 
are  given  in  Table  13.1. 

The  constants  av  a2,  a3,  and  a4  do  not  depend  on  the  detector. 
The  quality  of  the  detector  with  respect  to  energy  resolution  is  deter¬ 
mined  from  a  set  of  criteria  developed  by  Schmitt  and  Pleasonton52 
and  shown  in  Table  13.2.  Figure  13.18  explains  the  symbols  used  (see 
Reference  53). 


13.5.3  Calibration  Sources 

Monoenergetic  heavy  ions  necessary  for  energy  calibration  can  be  provided  only  by 
accelerators.  Fission  fragments,  which  are  heavy  ions,  cover  a  wide  spectrum  of  energies 
(Figure  13.18). 
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TABLE  13.2 

Acceptable  Parameters  for  a  252Cf  Fission-Fragment  Spectrum 

Spectrum  Parameters 

Expected  Values 

Spectrum  of  Figure  13.18 

Nl/Nv 

2.9 

2.79 

Nn/Ny 

2.2 

2.20 

Nl/Nh 

1.3 

1.27 

A  L/(L-H) 

0.36 

0.37 

AH/(L-H) 

0.44 

0.43 

(H-HS)/(L-H) 

0.69 

0.69 

(LS-D)/(L-H) 

0.48 

0.50 

A  S/(L-H) 

2.17 

2.19 

The  isotope  252Cf  is  a  very  convenient  source  of  fission  fragments  produced  by  the  spon¬ 
taneous  fission  of  that  isotope.  Uranium,  plutonium,  or  thorium  fission  fragments  can  only 
be  produced  after  fission  is  induced  by  neutrons;  therefore,  a  reactor  or  some  other  intense 
neutron  source  is  needed. 


CF-252  Pulse  height  spectrum 
Run  9/25/74-36  N„  =  1428 

Detectro  11-102A  NL  =  1814 

Total  counts  =  98,301  Nv=650 

HS  =  66.96 
LS  =  164.63 


H  =  97.84 
L  =  142.43 
AH  =  19.23 
A L  =  16.57 
AS  =  97.66 


FIGURE  13.18  The  252Cf  fission-fragment  spectrum  used  for  the  determination  of  the  detector 
calibration  constants.  (From  Bucher,  R.  G.,  PhD  thesis,  University  of  Illinois,  1975.)  (Reference  90) 
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13.5.4  Fission  Foil  Preparation 

Fission  foils  are  prepared  by  applying  a  coat  of  fissile  material  of  the  desired  thickness  on  a 
thin  metal  backing.  Details  of  several  methods  of  foil  preparation  are  given  in  References 
54-58.  A  technique  used  for  the  preparation  of  uranium  foils  is  described  here. 

Enriched  uranium  in  the  form  of  uranium  nitrate  hexahydrate  crystals  is  dissolved 
in  ethanol  until  it  forms  a  saturated  solution.  A  small  amount  of  collodion  is  added  to 
the  solution  to  improve  its  spreading  characteristics.  A  thin  metal  foil — for  example, 
nickel— that  serves  as  the  backing  material  is  dipped  into  the  solution  and  then  heated 
in  an  oven  in  a  controlled  temperature  environment.  The  heating  of  the  foil  is  neces¬ 
sary  to  remove  organic  contaminants  and  to  convert  the  uranium  nitrate  into  uranium 
oxides  (mostly  U3Og).  The  temperature  is  critical  because  if  it  is  too  high,  part  of  the  ura¬ 
nium  diffuses  into  the  backing  material,  causing  fragment  energy  degradation.  Dipping 
produces  a  two-sided  foil.  If  the  material  is  applied  with  a  paint  brush,  a  one-sided  foil 
is  formed. 

The  dipping  (or  brush  painting)  and  heating  is  repeated  as  many  times  as  necessary 
to  achieve  the  desired  foil  thickness.  The  thickness  of  the  foil  is  determined  by  weighing  it 
before  and  after  the  uranium  deposition  or,  better  yet,  by  counting  the  alphas  emitted  by 
the  uranium  isotopes.  Most  of  the  alphas  come  from  234U;  therefore,  the  fraction  of  this 
isotope  in  the  uranium  must  be  known. 


13.6  TIME-OF-FLIGHT  SPECTROMETER 


The  time-of-flight  (TOF)  method,  which  is  also  used  for  the  measurement  of  neutron  energy 
(see  Section  14.8),  has  been  applied  successfully  for  the  determination  of  the  mass  of  fission 
fragments  and  other  heavy  ions. 

The  principle  of  TOF  is  simple.  A  beam  of  ions  is  directed  along  a  flight  path  of  length 
L  (Figure  13.19).  The  time  t  that  the  ions  take  to  travel  the  distance  L  determines  their  speed 
V  =  Lit.  This  information,  combined  with  the  measurement  of  the  energy  of  the  particle, 
gives  the  mass  (nonrelativistically): 


M  = 


2  Et1 

~ir 


(13.18) 


The  errors  in  determining  the  mass  come  from  uncertainty  in  energy,  A E,  in  time,  At, 
and  in  length  of  the  flight  path,  A L.  The  mass  resolution  is  then  given  by 


M 

M 


(13.19) 


Ion  beam 


t=  0 

!  1  SE  detector 


START 

signal 


t=  t 


E  detector 


STOP 

signal 


FIGURE  13.19  The  principle  of  time-of-flight  for  the  determination  of  the  mass  of  heavy  ions. 
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Usually,  the  system  is  designed  in  such  a  way  that  A L/L  is  negligible  compared  to  the 
other  two  terms  of  Equation  13.19.  Assuming  that  this  is  the  case,  consider  the  sources  of 
uncertainty  in  energy  and  time. 

The  uncertainty  AEIE  is  the  resolution  of  the  detector  measuring  the  energy  of  the 
ion.  The  best  energy  resolution  that  can  be  achieved  with  silicon  surface-barrier  detec¬ 
tors  is  about  1.5-2%.  The  resolution  can  be  improved  with  magnetic  or  electrostatic 
analyzers  (Dilorio  and  Wehring58  achieved  0.3%  energy  resolution  using  an  electrostatic 
analyzer). 

The  time  t  it  takes  the  particle  to  travel  the  distance  L  is  the  difference  between  a 
START  and  a  STOP  signal  (Figure  13.19).  The  STOP  signal  is  generated  by  the  detector, 
which  measures  the  energy  of  the  ion.  This  detector  is  usually  a  surface-barrier  detector. 
The  START  signal  is  generated  by  a  transmission  counter,  also  called  the  6 E  detector.  The 
ion  loses  a  tiny  fraction  of  its  energy  going  through  the  START  detector. 

Several  types  of  §£  detectors  have  been  used.59  Examples  are  totally  depleted  surface- 
barrier  detectors,60'61  thin  (~10-3  kg/m2  =  100  |lg/cm2)  plastic  scintillators,62  ionization 
chambers,63  and  secondary-electron  emission  detectors. 58,64-67  Secondary-electron  emis¬ 
sion  detectors  fall  into  two  categories.  In  the  first  category,  the  ions  traverse  a  thin  foil 
(e.g.,  carbon  foil  10-4  kg/m2  =  10  |ig/cm2  thick)  and  gener¬ 
ate  secondary  electrons  that  are  accelerated  and  focused 
to  strike  a  scintillator  coupled  to  a  photomultiplier  tube. 

In  the  second  category  belong  the  channel  electron  multi¬ 
pliers  (CEM)  and  the  microchannel plates  (MCP). 

A  CEM  is  essentially  a  thin  glass  tube  (~1  mm  diame¬ 
ter)  shaped  into  a  spiral,  with  its  inside  surface  coated  with 
a  semiconducting  material  that  is  also  a  good  secondary- 
electron  emitter.  An  accelerating  field  is  created  in  the  tube 
by  applying  a  high  voltage  along  its  length.  Electrons  multi¬ 
ply  as  they  proceed  down  the  tube.  Figure  13.20  shows  one 
possible  arrangement  for  the  use  of  a  CEM. 

An  MCP  is  a  glass  disk  perforated  with  a  large  num¬ 
ber  of  small-diameter  (10-100  jam)  holes  or  channels.  Each  channel  is  a  glass 
tube  coated  with  a  resistive  secondary-electron-emitting  material.  If  a  voltage  is 
applied,  each  channel  acts  as  an  electron  multiplier. 

The  state  of  the  art  of  8 E  detector  systems  is  such  that  At  <  100  ps  has  been 
achieved  and  the  flight  path  L  can  become  long  enough  that  the  time  T  ~  100- 
300  ns.  Thus,  the  time  resolution  of  TOF  measurements  is 


At 

t 


100  x  10  ns 
200  ns 


5  x  10“ 


0.05% 


and  the  mass  resolution  (Equation  13.19)  is  essentially  limited  by  the  energy  reso¬ 
lution.  The  mass  measurement  is  actually  the  measurement  of  the  mass  number 
A  ( AM/M  =  AA/A).  Since  A  is  an  integer,  the  lowest  limit  for  mass  resolution  is 
AA  <  1.  Assuming  A A  =  0.7,  Figure  13.21  gives  the  ion  energy  necessary  for  such 
resolution  as  a  function  of  A  and  L/At.6S  For  heavy  ions,  mass  resolution  as  low  as 
A A  =  0.2  has  been  reported.61 


FIGURE  13.21  Energy  of  ion  at 
which  adjacent  isotopes  can  be 
resolved,  as  a  function  of  A,  for  dif¬ 
ferent  values  of /./At.  (From  Butler, 
G.  W.  et  al.,  Nucl.  Instrum.  Meth. 
89:189;1970.  With  permission.) 
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If  the  mass  of  the  ion  is  known,  the  TOF  technique  can  be  used  to  determine  the  energy 
of  the  ion  with  a  resolution  much  better  than  with  any  detector  in  use  today.  Indeed,  if 
AM  =  0,  Equation  13.19  gives 


A£  _  At  __  200  x  10  3  ns 
E  t  200  ns 


0.1% 


13.7  DETECTOR  TELESCOPES  ( E  dE/dx  DETECTORS) 

The  TOF  method  discussed  in  the  previous  section  measures  the  energy  and  the  mass  of 
the  ion.  This  section  presents  a  method  that  identifies  the  atomic  number  Z  and  the  mass 
number  A  of  the  particle.69 

Identification  of  A  and  Z  is  possible  by  making  use  of  a  detector  telescope  consisting 
of  a  very  thin  detector  measuring  dE/dx  and  a  thick  detector  that  stops  the  particle.  The 
geometric  arrangement  is  similar  to  that  shown  in  Figure  13.19.  The  particle  traverses  the 
thin  detector  after  depositing  there  an  energy  equal  to  ( dE/dx)t  (where  t  is  the  detector 
thickness),  and  stops  in  the  “E  detector.”  The  total  energy  of  the  particle  is  obtained  from 
the  sum  of  the  two  detector  signals.  The  product  E  dE/dx  can  be  written,  using  Equation 
4.2  or  4.33,  as 


EdE 

dx 


MtfZrfln 


(13.20) 


where  Zef  is  the  effective  charge  of  the  ion.  Since  the  logarithmic  term  changes  very  slowly 
with  energy,  Equation  13.20  gives  a  value  for  MZ2f. 

Another  method,  giving  better  results,  is  based  on  the  fact  that  the  range  of  heavy  ions 
is  given,  over  a  limited  energy  range,  by  an  equation  of  the  form 


R  =  C 


Eb 

MZli 


(13.21) 


where  C  and  b  are  constants.  If  a  particle  deposits  energy  S£  =  ( dE/dx)t  in  a  detector  of 
thickness  t  and  then  deposits  energy  E  in  the  second  detector,  one  can  say  that  the  range 
of  the  particle  with  energy  E  +  8£  is  t  units  longer  than  the  range  of  the  same  particle  with 
energy  E.  Using  Equation  13.21,  one  can  write 


MZ 


2 

ef 


[(e  +  se/’-e6] 

t 


(13.22) 


Thus,  Equation  13.22  provides  the  value  of  MZl (  since  t,  E,  and  8 £  are  known.  The 
constant  b  is  also  assumed  to  be  known  for  the  ion  of  interest. 

Equations  13.20  through  13.22  were  written  in  terms  of  the  mass  M  of  the  particle.  For 
nonrelativistic  particles,  M  has  a  nonintegral  value  very  close  to  the  value  of  A,  which  in 
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turn,  is  given  by  an  integer.  This  is  fortunate  because  Z  also  assumes  integral  values  only, 
and  the  product  MZ2  assumes  unique  values  for  many  particles.  For  example,  for  protons, 
deuterons,  tritons,  and  alphas,  the  value  of  MZ2  is  1,  2,  3,  and  16,  respectively. 

13.8  POSITION-SENSITIVE  DETECTORS 

Detectors  that  in  addition  to  the  measurement  of  the  energy  also  indicate  the  position  of  the 
particle  have  been  developed  for  imaging  devices  used  in  biological  and  medical  research. 
Biological  and  medical  imaging  devices,  on  the  other  hand,  involve  mostly  x-rays  and,  in 
general,  low-energy  radiation.  It  is  because  of  the  latter  use  that  position-sensitive  detectors 
are  briefly  discussed  here. 

13.8.1  Position-Sensitive  Semiconductor  Detectors 

Most  of  the  position-sensitive  semiconductor  detectors  determine  the  position  of  the 
incident  particle  by  employing  the  method  of  resistive-charge  division 7°  To  illustrate  the 
method,  consider  the  detector  in  Figure  13.22.  The  detector  is  a  reverse-biased  p-n  junc¬ 
tion  with  electrodes  on  both  front  and  back.  The  front  electrode  with  considerable  resis¬ 
tivity  has  two  electrical  contacts  a  distance  L  apart.  The  back  electrode  has  low  resistivity 
and  provides  a  good  electrical  contact  to  the  base  material.  When  a  particle  enters  the 
detector,  electrons  and  holes  are  created  that  move  under  the  influence  of  the  electric 
field.  If  the  resistivity  of  the  front  electrode  is  homogeneous,  and  charge-sensitive  low- 
impedance  amplifiers  are  used,  the  charge  collected  at  one  of  the  two  contacts  of  the 
front  electrode  is  proportional  to  the  distance  between  the  point  of  impact  and  the  other 
contact.  The  total  charge  q0  collected  through  the  single  contact  of  the  back  side  is,  of 
course,  proportional  to  the  energy  deposited  in  the  sensitive  region  of  the  junction.  This 
technique  of  determining  the  position  by  comparing  the  signals  from  q1  and  q0  is  called 
the  amplitude  method. 

The  signal  ql  changes  with  time,  as  shown  in  Figure  13.23.  The  timescale  is  in  units 
of  the  time  constant  iD  =  RDCD,  where  RD  and  CD  are  the  resistance  and  capacitance  of 


FIGURE  13.22  A  position-sensitive  semiconductor  detector  using  resistive-charge  division. 
(Reprinted  from  Nucl.  Instrum.  Meth.,  162,  Laegsgaard,  E.,  93,  Copyright  1979,  with  permission  from 
Elsevier.) 
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Time,  (tl td) 


FIGURE  13.23  Time  dependence  of  the 
position  signal  for  different  positions  of 
incidence.  (Reprinted  from  Nucl.  Instrum. 
Meth.,  162,  Laegsgaard,  E.,  93,  Copyright 
1979,  with  permission  from  Elsevier.) 
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FIGURE  13.24  The  basic  design  of  an  MWPC. 


the  detector,  respectively.  Figure  13.23  shows  that  the  rise  time  of  the  signal 
depends  on  the  position.  This  property  is  the  basis  of  a  second  technique 
for  the  determination  of  position,  called  the  time  method.  The  position  is 
now  determined  from  the  difference  in  arrival  times  of  the  signals  from  the 
charges  qx  and  q2  (Figure  13.22). 

The  detector  described  above  is  of  the  "continuous"  type.  Position- 
sensitive  detectors  of  the  "discrete”  type  have  also  been  developed.71  They 
consist  of  individual  semiconductor  elements  all  placed  on  the  same  base 
material,  with  each  element  connected  to  its  own  preamplifier-amplifier  sys¬ 
tem.  Two-dimensional  detectors  of  the  continuous  type72  as  well  as  of  the 
discrete  type73  have  also  been  tried. 

13.8.2  Multiwire  Proportional  Chambers 

Multiwire  proportional  chambers  (MWPC)*  have  been  developed  for  use 
as  position-sensitive  focal  detectors  for  magnetic  spectrometers.74-84  They 
can  provide  excellent  position  resolution,  operate  with  counting  rates  as 
high  as  106  counts/s,  and  provide  a  large  solid  angle  at  the  focal  plane  of  the 
spectrometer. 

The  basic  design  of  an  MWPC  is  shown  in  Figure  13.24.  A  series  of 
thin,  equally  spaced  anode  wires  is  positioned  between  two  parallel  plates 
serving  as  cathodes.  A  noble  gas  mixed  with  an  organic 
component  fills  the  space  between  the  cathodes.  A  posi¬ 
tive  voltage  is  applied  to  the  anode  wires.  When  a  par¬ 
ticle  goes  through  the  detector,  electrons  and  ions  are 
created  by  the  processes  explained  in  Chapter  5.  The 
electric  field  close  to  the  wires  is  so  intense  that  the 
primary  electrons  acquire  enough  energy  to  produce 
secondary  ionization.  Thus,  an  avalanche  of  electrons  is 


Anode  wires 


produced  that  is  collected  within  a  time  of  1  ns,  but  that  leaves  behind  a  cloud  of  posi¬ 
tive  ions. 

It  is  significant  that  the  pulse  produced  by  the  detector  is  not  due  to  the  motion  of 
the  electrons,  but  due  to  that  of  the  ions.75  As  the  positive  ions  move  away  from  the  anode 
wires,  they  generate  a  fast-rising  (~10  ns)  negative  pulse  that  gradually  slows  down  and 
lasts  a  few  microseconds.  The  pulse  induced  in  the  neighboring  wires  is  positive.  Thus, 
the  active  wire  (the  wire  close  to  the  trajectory  of  the  particle)  is  distinguished  from 
the  others.  The  signals  from  the  wires  are  processed  and  read  by  either  digital  or  analog 
systems.76 

The  position  resolution  depends  on  the  spacing  between  the  wires,  but  it  is  better  than 
the  actual  size  of  the  spacing.  The  smallest  wire  spacing  is  about  1  mm,  while  position  reso¬ 
lutions  better  than  100  pm  have  been  reported.85,86  Such  space  resolution  has  been  achieved 
because  the  position  is  determined  from  the  well-defined  centroid  of  the  charge  distribu¬ 
tion  generated  by  the  passage  of  the  particle. 


Single-wire  position-sensitive  proportional  counters  operating  by  charge  division  (as  described  in  Section 
13.8.1)  have  also  been  used.74 
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A  variation  of  the  detector  described  above  is  the  so-called  drift  chamber.  The  drift 
chamber  determines  the  position  from  the  time  it  takes  the  electrons  produced  by  the 
incoming  particle  to  drift  to  the  nearest  anode  wire.87  A  two-dimensional  MWPC  has  also 
been  constructed  for  detection  of  neutrons  scattered  from  biological  samples.88  It  is  a  3He 
gas-filled  counter  that  detects  neutrons  through  the  («,  p)  reaction. 
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PROBLEMS 


13.1  Prove  that  the  maximum  energy  transfer  to  an  electron  as  a  result  of  a  collision 
with  a  particle  of  mass  M  and  speed  n  =  (3c  is  equal  to 


Emay  =  2  me 


P2 


1-P 


1  + 


+  2 


m  1 


M 


13.2  Show  that  A of  Problem  13.1  takes  the  form 


4  mM 

-^max  ,  ,  ^ 

(m  +  M) 

if  T  —  1/2  Mv2  (nonrelativistic  particle)  and  m  <scM. 

13.3  Calculate  the  energy  loss  of  a  6-MeV  alpha  particle  going  through  an  aluminum 
foil  with  thickness  equal  to  one-fourth  of  the  range  of  the  alpha  (remember  dE/dx 
is  not  constant  as  the  particle  slows  down). 

13.4  A  monoenergetic  beam  of  10-MeV  alpha  particles  goes  through  a  nickel  foil  with  a 
thickness  equal  to  1/30  of  the  range  of  the  alphas.  What  is  the  width  of  the  emerg¬ 
ing  beam  (in  keV)?  If  the  emerging  particles  are  counted  by  a  silicon  detector  with 
a  resolution  of  15  keV,  what  is  the  total  width  of  the  measured  alpha  beam  (mea¬ 
surement  performed  in  vacuum)? 

13.5  What  is  the  thickness  of  a  nickel  foil  that  will  cause  energy  loss  equal  to  1/50  of  the 
energy  of  a  10-MeV  proton  traversing  it? 

13.6  A  Ge  detector  has  a  thin  layer  of  Au  covering  its  front  face.  The  energy  of  alpha 
particles  entering  perpendicular  to  the  front  face  of  the  detector  is  registered  as 
5.06  MeV;  alpha  particles  entering  at  60°,  relative  to  the  vertical  (perpendicular) 
direction,  register  as  having  energy  4.90  MeV.  Determine  the  thickness  of  the  Au 
layer,  based  on  this  information. 

13.7  Show  that  the  backscattering  fraction  of  electrons  is  given  by 


where  g,  T,  and  E'  are  defined  in  Figure  13.9;  a  is  the  standard  deviation  of  the 
Gaussian. 

13.8  If  the  stopping  power  for  a  heavy  ion  can  be  represented  by  the  equation 

^  =  k^  +  b 

dx 

where  k  and  b  are  constants,  what  is  the  expression  for  the  range  as  a  function 
of  energy  for  such  ions?  What  is  the  energy  of  the  ion  as  a  function  of  distance 
traveled? 

13.9  If  the  expression  for  dE/dx  given  for  Problem  13.8  is  valid,  what  fraction  of  the 
initial  kinetic  energy  of  the  ion  is  lost  in  the  first  half  of  its  range? 
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13.10  A  thin  fission  foil  was  prepared  using  natural  uranium.  Calculate  the  ratio  of  alpha 
activities  due  to  the  isotopes  234U,  235U,  and  238U.  The  abundance  a  and  half-lives  of 
the  three  isotopes  are 


234U:  a  =  0.0057%  Tm  =  0.47  x  105  years 

235U:  a  =  0.711%  Tm  =  7.10  x  108  years 

238U:  a  =  99.283%  Tm  =  4.512  x  109  years 

Assume  that  every  decay  gives  off  an  alpha;  that  is,  ignore  decay  by  spontaneous 
fission. 
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Neutron  Detection 
and  Spectroscopy 

14.1  INTRODUCTION 

Since  neutrons  do  not  ionize  atoms  directly,  they  are  detected  “indirectly’’  upon  produc¬ 
ing  a  charged  particle  or  a  photon,  which  is  then  recorded  with  the  help  of  an  appropriate 
detector.  The  charged  particle  or  the  photon  is  the  result  of  a  neutron  interaction  with  a 
nucleus.  If  the  mechanism  of  the  interaction  is  known,  information  about  the  neutron  can 
be  extracted  by  studying  the  products  of  the  reaction.  Many  types  of  interactions  are  used, 
divided  into  absorptive  and  scattering  reactions. 

Absorptive  reactions  are  («,  a),  (n,p),  («,  y),  or  («,  fission).  In  the  case  of  an  («,  y)  reac¬ 
tion,  the  neutron  may  be  detected  through  the  interactions  of  the  gamma  emitted  at  the 
time  of  the  capture,  or  it  may  be  detected  through  the  radiation  emitted  by  the  decaying 
radioisotope  produced  after  the  neutron  is  captured.  The  radioisotope  may  emit  P~  or 
P+  or  y  or  a  combination  of  them.  By  counting  the  activity  of  the  isotope,  information  is 
obtained  about  the  neutron  flux  that  produced  it.  This  is  called  the  activation  method.  If 
the  reaction  is  fission,  two  fission  fragments  are  emitted;  being  heavy  charged  particles, 
these  are  easily  detected. 

The  main  scattering  reaction  used  is  neutron-proton  collision,  called  the  proton-recoil 
method.  The  knocked-out  proton  is  the  particle  recorded. 

With  the  exception  of  the  proton-recoil  method,  which  functions  for  fast  neutrons  only 
(E„  >  10  keV),  all  the  other  interactions  can  be  used  with  neutrons  of  any  energy.  However, 
at  every  neutron  energy,  one  method  may  be  better  than  another.  The  best  method  will  be 
selected  based  on  the  neutron  energy,  the  purpose  of  the  experiment  (is  it  number  or  energy 
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of  neutrons  measured,  or  both?),  and  the  physical  constraints  of  the  measurement  (e.g., 
inside  a  reactor  core  or  outside). 

This  chapter  discusses  in  detail  all  the  neutron  detection  methods  mentioned  above,  as 
well  as  the  Bragg  crystal  spectrometer,  the  time-of-flight  (TOF)  method,  compensated  ion 
chambers,  and  self-powered  neutron  detectors  (SPNDs).  Other  specialized  neutron  detec¬ 
tors,  such  as  fission  track  recorders  and  thermoluminescent  dosimeters,  are  described  in 
Chapter  16. 

14.2  NEUTRON  DETECTION  BY  (n,  CHARGED  PARTICLE) 
REACTION 

There  are  many  nuclear  reactions  of  the  type  («,  charged  particle)  used  for  neutron  detec¬ 
tion.  In  general,  endothermic  reactions  are  used  for  fast  neutrons,  and  exothermic  ones  for 
thermal  neutrons.  The  endothermic  reactions  will  be  discussed  in  Section  14.6. 

The  most  useful  exothermic  reactions  are  listed  in  Table  14.1,  along  with  their  Q  values 
and  the  value  of  the  cross  section  for  thermal  neutrons. 

The  charged  particles  from  any  one  of  the  reactions  of  Table  14.1  share  an  amount  of 
kinetic  energy  equal  to  Q  +  E„,  where  En  is  the  neutron  kinetic  energy.  The  large  Q  values 
make  the  detection  of  the  products  very  easy,  regardless  of  the  value  of  E„,  but  at  the  same 
time  make  measurement  of  the  energy  of  slow  neutrons  practically  impossible.  The  neu¬ 
tron  energy  would  be  measured  from  the  pulse  height,  which  is  proportional  to  Q  +  En. 
However,  if  the  pulse  corresponds  to  energy  of  the  order  of  MeV  (because  of  the  Q  value),  a 
small  change  in  En  will  produce  a  variation  in  the  pulse  that  is  undetectable.  For  example, 
the  fractional  change  of  a  1-MeV  pulse  due  to  1-keV  change  in  neutron  kinetic  energy  is 
(1.001-1.000)/1.000  =  0.1%,  which  is  less  than  the  best  energy  resolution  of  alpha-particle 
detectors.  Therefore,  the  measurement  of  neutron  energy  is  possible  only  when  E„  amounts 
to  a  considerable  fraction  of  the  Q  value. 

14.2.1  BF3  Detector 

The  («,  a)  reaction  with  is  probably  the  most  useful  reaction  for  the  detection  of  thermal 

neutrons  because  of  the  following: 

1.  The  reaction  cross  section  is  large. 

2.  The  energy  dependence  of  the  cross  section  is  of  the  1/d  type. 

3.  ’“B  is  a  constituent  of  the  gaseous  compound  BF3,  which  may  be  used  as  the  gas  of  a 
proportional  gas-filled  detector. 


TABLE  14.1 

Exothermic  Reactions  Used  for  Neutron  Detection 


Reaction 

Charged  Particles 
Produced 

Q  Value 
(MeV) 

0(b)  for 

E„  =  0.0253  eV 

’?B (n,  a)(Li 

a,  7Li 

2.78 

3840 

fLi(/i,  a))H 

a,  3H 

4.78 

937 

|He(n,  p)3H 

p,  3H 

0.765 

5400 
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The  BF3  detector  is  a  proportional  counter  filled  with  BF3  gas,  usually  enriched  to  more 
than  90%  in  10B  (about  20%  of  natural  boron  is  10B;  the  rest  is  nB).  The  BF3  detector  detects 
the  alpha  and  the  lithium  particles  produced  by  the  reaction 

“B  +  In  |He  +  3Li  +  2.78  MeV 

With  thermal  neutrons,  the  7Li  nucleus  is  left  in  an  excited  state  about  96%  of  the  time. 
In  that  case,  the  Q  value  of  the  reaction  is  2.30  MeV  and  the  7Li  nucleus  goes  to  the  ground 
state  by  emitting  a  gamma  with  energy  equal  to  2.78  -  2.30  =  0.480  MeV.  This  photon  may 
also  be  used  for  the  detection  of  the  neutron. 

The  relationship  between  counting  rate  and  neutron  flux  is  derived  as  follows.  Let 

n{E)  dE  =  number  of  neutrons/m3  with  kinetic  energy  between  E  and  E  +  dE 

o (£)  dE  =  v{E)n{E)  dE  =  neutron  flux  consisting  of  neutrons  with  kinetic*  energy  between 
E  and  E+  dE 

\>{E)  =  neutron  speed  for  energy  £  (m/s) 

Em  =  upper  limit  of  neutron  energy  considered 

N  =  number  of  10B  atoms  per  unit  volume 

V  =  volume  of  the  detector 

o(£)  =  o(d)  =  cross  section  of  the  («,  a)  reaction  for  neutron  energy  £,  speed  v 

Assuming  that  the  neutron  flux  is  uniform  over  the  detector  volume,  the  reaction  rate 
R  is  given  by 


Em 

R  (reactions/s)  =  VN  J  o(E)$(E)dE  (14.1) 

0 

The  10B  cross  section  has  a  1  A)  dependence1  over  a  wide  range  of  neutron  energies;  that 
is,  it  can  be  written  as 


a(E)  =  G0 


Vo 

v(E) 


(14.2) 


where  o0  is  the  cross  section  at  some  known  speed  D0  =  yj2E0IM,  and  M  is  the  neutron 
mass.  If  Equation  14.2  is  substituted  into  Equation  14.1,  the  reaction  rate  takes  the  form 

R  =  A/Va0Do«  (reactions/s)  (14.3) 


where  n  is  the  total  number  of  neutrons  per  unit  volume,  or 


Em 


o 


(14.4) 


In  Chapter  3,  the  symbol  T  was  used  to  denote  kinetic  energy.  That  was  necessary  because  the  discussion 
involved  kinetic  and  total  energy.  In  this  chapter,  E  is  used  for  the  kinetic  energy  of  the  neutron. 

+  The  nB  cross  section  is  quite  different.  Equation  14.2  represents  only  the  10B  cross  section. 
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Equation  14.3  shows  that  the  reaction  is  proportional  to  the  total  neutron  density.  BF3 
detectors  are  most  frequently  used  for  the  detection  of  thermal  neutrons,  for  which  one  can 
calculate  an  average  neutron  speed  t)  given  by 

f  mv{E)n(E)dE 

v  =  ^ -  (14.5) 

f  n{E)dE 

Jo 

and  a  total  flux  (|),  given  by 

Em  Em 

<)>  =  J  <()(  E)dE  =  J  v>(E)n(E)dE  (14.6) 

0  0 

Using  these  definitions,  Equation  14.3  takes  the  form 

R  =  NVc0—  <|>  (14.7) 

t) 

Equation  14.7  shows  that  the  reaction  rate  is  proportional  to  the  total  neutron  flux  (f). 
For  the  commonly  encountered  Maxwell-Boltzmann  distribution  of  thermal  neutrons, 
v  =  2vp/yfn,  where  x>p  is  the  most  probable  neutron  speed. 

The  derivation  of  Equations  14.3  and  14.7  was  based  on  the  assumption  that  the  neu¬ 
tron  flux  is  uniform  over  the  volume  of  the  detector.  A  measure  of  the  flux  uniformity  is  the 
value  of  the  factor  exp(-£t€),  where 

Et  =  total  macroscopic  cross  section  for  the  gas  of  the  detector,  averaged  over  all  the 
neutron  energies  present 

€  =  a  characteristic  dimension  of  the  detector  (usually  the  diameter  or  the  length  of  a 
cylindrical  detector) 

If  exp  (-£/)  =  1,  the  flux  may  be  taken  as  uniform  over  the  detector  volume. 


( - \ 

EXAMPLE  14.1 

Consider  a  BF3  detector  with  a  diameter  of  0.05  m  (~2  in.)  and  length  0.30  m  (~12  in.) 
filled  with  BF3  gas,  96%  enriched  to  10B,  at  a  pressure  of  1  atm  and  used  for  the  detection 
of  0.0253  eV  neutrons.  Should  the  user  take  into  account  flux  depression  in  the  detector? 

Answer 

The  factor  exp(-X,€)  should  be  calculated.  For  the  worst  case,  consider  f  =  length  of  the 
detector.  The  total  macroscopic  cross  section  is 

I,  =  N(BF3)[0.96o(10B)  +  0.04o("B)  +  3„(F)] 

*  0,6022  (0.96X3840)  =  0.0991cm-'  =  9.91  mf1 
22,400 
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For  the  calculation  of  Zt,  the  cross  sections  of 11 B  and  F  were  ignored  because  they  are 
much  smaller  than  that  of  10B.  The  "depression  factor"  is 

exp(-Et€)  =  exp[(-9.91)(0.30)]  =  exp(-2.97)  =  0.05 

If  £  is  the  diameter  of  the  detector,  then 

exp(-Xff)  =  exp[(-9.91)(0.05)]  =  exp(-0.496)  =  0.61 

One  concludes  that  flux  depression  is  considerable  in  this  case,  and  the  flux  cannot 
be  taken  as  uniform  over  the  detector  volume. 

V _ ) 


If  the  BF3  detector  is  used  for  the  detection  of  a  polyenergetic  neutron  spectrum, 
instead  of  a  monoenergetic  neutron  source,  average  cross  sections  should  be  used  for  the 
calculation  (Section  4.9.4  explains  how  average  cross  sections  are  obtained). 

As  a  first  approximation,  the  efficiency  of  a  BF3  detector  is  equal  to 

e  =  |^[l  -  exp (-It  f)][exp(-ir  fw)]  (14.8) 

where  and  'La  are  total  and  absorption  neutron  macroscopic  cross  sections,  respectively, 
for  BF3,  and  €  is  the  dimension  of  the  detector  parallel  to  the  direction  of  the  neutron 
beam.  1 7  and  tw  are  the  total  macroscopic  cross  section  and  thickness,  respectively,  for  the 
material  of  which  the  wall  or  the  front  window  of  the  detector  is  made.  Equation  14.8  was 
derived  under  the  following  assumptions: 

1.  All  neutrons  travel  the  same  distance  inside  the  detector  (parallel  beam). 

2.  Every  neutron  interaction  in  the  wall  or  the  front  window  of  the  detector  removes 
the  neutron  from  the  beam. 


r - \ 

EXAMPLE  14.2 

What  is  the  efficiency  of  a  BF3  detector  enriched  to  96%  in  10B,  0.04  m  (1.57  in.)  in 
diameter,  0.30  m  (-12  in.)  long,  for  a  parallel  beam  of  1-eV  neutrons?  The  BF3  pressure 
in  the  detector  is  53,329  Pa  (40  cmHg).  Consider  two  cases: 

a.  The  beam  is  directed  parallel  to  the  axis  of  the  detector. 

b.  The  beam  is  perpendicular  to  the  axis  of  the  detector. 

Assume  that  the  wall  and  the  window  of  the  detector  are  made  of  aluminum  and  are 
2-mm  thick.  Take  the  total  neutron  cross  section  for  Al  at  1  eV  to  be  1.5  b. 

Answer 

Equation  14.8  will  be  used.  At  1  eV  for  BF3  enriched  to  96%  to  10B,  I.,  =  It  <=  Ia  (U’E>). 

To  find  the  microscopic  cross  section  at  1  eV,  use  Equation  14.2  and  the  value  of 
<ya  =  3840  b,  at  E„  =  0.0253  eV. 
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a,(1  eV)  =  3840  b^(°-°253eV)  =  3840  bj°^3  =  6Q7  b 
t)(eV)  v  1 


For  aluminum, 


(  53,329  V 

0.6022') 

\1 01,325 

22,400  ) 

tw  =  1.5(2. 7) 

f  0.6022 

i  27 

(0.2)  =  0.018  cm" 


a.  If  the  beam  is  parallel  to  the  detector  axis,  €  =  0.30  m  and 

e  =  [l -exp  (!,€)]  [exp  (-EJX)]  =  (0.18)(0.982)  =  0.214  =  21.4% 

b.  If  the  beam  is  perpendicular  to  the  axis,  all  the  neutrons  do  not  travel  the  same 
distance  inside  the  cylindrical  detector.  Assuming  that  the  incident  neutrons 
form  a  narrow  beam  that  hits  the  detector  at  the  center,  €  =  diameter  =  0.04  m. 
Then, 

£  =  {l  -  exp[(-0.82)(0. 04)]} (0.982)  =  (0.032)(0.982)  =  0.032  =  3.2% 


J 


The  specifications  of  commercial  BF3  detectors  consist  of  sensitivity,  dimensions,  com¬ 
position  of  the  filling  gas,  operating  voltage,  and  maximum  operating  temperature. 

The  sensitivity  S  is  defined  as  the  ratio 


T rue  net  counting  rate  r 

Neutron  flux  <]) 


(14.9) 


and  is  given  in  terms  of  counts/s  per  neutron/(m2  •  s).  The  parameters  affecting  the  sensitiv¬ 
ity  can  be  seen  by  noting  that 


r  =  zpR  =  g-b 


(14.10) 


where 

£.p  =  efficiency  of  the  detector  for  the  detection  of  the  charged  particles  produced 
b  =  background  counting  rate 
g  =  gross  counting  rate 
R  =  reaction  rate  given  by  Equation  14.7 

Since  the  charged  particles  are  generated  inside  the  volume  of  the  detector,  the  effi¬ 
ciency  Ep  is  practically  equal  to  1.  Also,  the  background  rate  may  be  made  negligible  because 
the  pulses  produced  by  the  charged  particles  are  well  above  the  electronic  noise.  Thus,  a 
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proper  discriminator  level  may  be  set  to  eliminate  almost  all  the  background.  Under  these 
conditions,  R  =  r  and  the  equation  for  the  sensitivity  becomes 

S  =  —  =  NVCo^-  (14.11) 

4>  u 

Equation  14.11  indicates  that,  for  a  certain  neutron  spectrum,  the  sensitivity  is  propor¬ 
tional  to  boron  density  (i.e.,  pressure  of  the  BF3  gas)  and  volume  of  the  detector. 

The  number  of  boron  atoms  decreases  with  exposure,  and  so  does  the  sensitivity.  The 
decrease  is  expressed  by  a  factor  having  the  form 

exp(-oa<t>i) 

where  c| it  in  neutrons/m2  is  the  fluence  to  which  the  detector  was  exposed.  Since  the 
average  value  of  Oa  for  thermal  neutrons  reacting  with  10B  is  of  the  order  of  1000  b,  the 
fluence  necessary  to  cause  an  appreciable  change  in  sensitivity  is  of  the  order  of  1025 
neutrons/m2. 

Typical  specifications  of  commercial  detectors  are  the  following: 

Sensitivity:  5  counts  per  second  per  n/(cm2-  s). 

Dimensions:  Almost  any  dimension. 

Pressure  ofBF3:  From  a  little  less  than  1  to  about  2  atm  (202  kPa).  An  increase  in  pres¬ 
sure  requires  an  increase  in  the  operating  voltage. 

Operating  voltage:  BF3  detectors  show  an  almost  flat  plateau  (see  Chapter  5)  extending 
over  1000  V  or  more.  Typical  operating  voltages  range  from  1000  to  3000  V. 
Temperature:  Maximum  operating  temperature  is  about  100°C. 

14.2.2  Boron-Lined  Detectors 

Boron-lined  detectors  are  gas-filled  proportional  counters  that  employ  the  same  reaction  as 
the  BF3  detector,  except  that  the  10B  is  coated  on  the  walls  of  the  detector.  Since  the  («,  a) 
reactions  take  place  in  a  thin  layer  close  to  the  wall  (Figure  14.1),  only  one  of  the  two  par¬ 
ticles  has  a  chance  of  entering  the  sensitive  volume  of  the  detector  and  producing  a  pulse; 
the  other  stops  in  the  wall.  The  sensitivity  increases  with  the  thickness  of  the  10B  coating. 
That  thickness,  however,  cannot  exceed  the  range  of  the  charged  particles  produced.  The 
advantage  of  boron-lined  detectors  over  the  BF3  detectors  is  the  flexibility  of  using  a  gas 
more  appropriate  than  BF3.  Then  the  operating  voltage  is  less  and  the  counter  is  less  sensi¬ 
tive  to  gamma  rays.  For  this  reason,  boron-lined  detectors  may  be  used  to  detect  neutrons 
in  intense  gamma  fields. 


FIGURE  14.1  A  ,0B-lined  detector. 
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Both  BF3  and  boron-lined  detectors  are  mainly  used  for  the  measurement  of  the  num¬ 
ber  (not  energy)  of  thermal  neutrons. 

14.2.3  6Li  Detectors 

Neutron  detection  by  6Li  is  based  on  the  reaction 

3 Li  +  In  -h>  jHe  +  \H  +  4.78  MeV 

The  cross  section  for  this  reaction  is  of  the  1/u  type  up  to  10  keV,  with  a  value  of  937  b 
at  0.0253  eV.  Lithium  is  used  either  as  LiF  or  as  the  component  of  a  scintillator. 

A  neutron  spectrometer  based  on  LiF  consists  of  a  thin  slice  of  6LiF  (~30  x  10“5  kg/m2  = 
30  |4g/cm2)  sandwiched  between  two  surface-barrier  silicon  detectors.  When  neutrons 
strike  the  LiF,  charged-particle  pairs  (4He-3H)  are  produced  and  are  detected  simultane¬ 
ously  by  the  two  detectors.  The  pulses  from  the  detectors  are  amplified  and  then  summed 
to  produce  a  single  pulse,  which  is  proportional  to  the  energy  of  the  neutron  plus  the  Q 
value  of  the  reaction. 

There  are  many  inorganic  scintillators  based  on  lithium.  6LiI(Eu)  has  been  used  for  neu¬ 
tron  energy  measurements  from  1  to  14  MeV  with  10%  energy  resolution.2  It  has  good  effi¬ 
ciency  for  low-energy  neutrons,  but  activation  of  iodine  creates  some  problems.  The  most 
widely  used  lithium  scintillator  was  developed  by  Ginther  and  Schulman3  and  Voitovetskii 
et  al.4  It  is  a  cerium-activated  scintillating  glass  containing  LizO.  The  proportion  of  the 
cerium  activator  affects  the  efficiency  of  luminescence.  A  series  of  measurements  of  many 
properties  of  commercially  available  glasses  has  been  reported  by  Spowart.5’6  Today,  one 
can  buy  these  glasses  in  a  large  variety  of  thicknesses  (0.5-25  mm),  sizes  (up  to  125  mm 
in  diameter),  Li  contents  (up  to  11%),  and  6Li  enrichments  (up  to  95%).  The  efficiency  of  6Li 
glass  as  a  function  of  neutron  energy  is  shown  in  Figure  14.2. 

To  increase  the  efficiency,  6Li  glass  scintillators  with  thickness  about  13  mm  and 

diameter  110  mm  have  been  optically  coupled 
to  one  or  more  photomultiplier  tubes  through 
light  pipes.8,9  To  avoid  moderation  of  the  inci¬ 
dent  neutrons,  the  light  pipe  should  not  contain 
hydrogenous  material.  One  problem  with  such 
thick  scintillators  is  considerable  scattering  of 
the  incident  neutrons.  The  scattered  neutrons 
add  an  exponential  tail  to  the  primary  neutron 
signal,  a  tail  that  should  be  included  in  the  time 
resolution  function  of  the  instrument  in  TOF 
measurements. 

A  different  type  of  arrangement,  using  a 
6Li(Eu)  scintillator  to  detect  the  neutrons  after 
they  are  moderated,  is  the  Bonner  ball  (or  sphere; 
see  Section  16.9.4).10-11  Using  the  Bonner  ball, 
neutrons  are  detected  by  a  6LiI(Eu)  scintillator, 
a  BF3  tube,  or  a  3He  detector  placed  at  the  center 
of  polyethylene  spheres  with  sizes  ranging  from 
51  to  305  mm  (2-12  in.)  in  diameter.  Using  the 


Neutron  energy,  keV 


FIGURE  14.2  The  efficiency  of  6Li  glass  as  a  function  of  neutron 
energy,  with  glass  thickness  12.7  mm.  (From  Hill,  N.  W.  et  al.  147,  ORNL- 
4743, 1972.  With  permission.) 
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Bonner  sphere,  the  neutron  energy  is  determined  on  the  basis  of  the  difference  in  moderat¬ 
ing  efficiency  for  the  spheres  of  different  sizes.  Because  the  Bonner  sphere  is  primarily  used 
as  a  neutron  dosimeter,  it  is  discussed  in  more  detail  in  Chapter  16. 

14.2.4  3He  Detectors 

Neutron  detection  by  3He  is  based  on  the  reaction 

zHe  +  In  -h>  }H  +  iH  +  765  keV 

The  cross  section  for  this  reaction  is  quite  high  for  thermal  neutrons  (5400  b  at 
0.0253  eV)  and  varies  as  1/d  from  0.001  to  0.04  eV. 

One  type  of  helium  neutron  spectrometer  consists  of  two  surface-barrier  silicon  detec¬ 
tors  facing  each  other,  with  the  space  between  them  filled  with  helium  at  a  pressure  of  a  few 
atmospheres  (this  is  similar  to  the  6LiF  spectrometer  described  in  Section  14.2.3). 

Proportional  counters  filled  with  3He  are  widely  used,  especially  in  TOF  measurements 
(see  Section  14.8).  The  efficiency  of  the  detector  can  be  increased  by  increasing  the  pressure. 
Figure  14.3  shows  the  efficiency  of  a  3He  detector  as  a  function  of  neutron  energy  for  three 
different  pressures.  One  of  the  problems  of  3He  detectors  is  the  wall  effect.  If  the  reaction 
takes  place  close  to  the  wall  of  the  detector,  there  is  a  high  probability  that  only  a  fraction 
of  the  charged-particle  energy  will  be  deposited  in  the  detector.  As  a  result,  smaller-size 
pulses  are  produced,  which  do  not  come  under  the  main  peak.  There  are  two  ways  to  over¬ 
come  this  effect.  One  is  to  use  a  large-diameter  detector,  in  which  case  the  fraction  of  reac¬ 
tions  occurring  near  the  wall  is  smaller.  The  other  is  to  increase  the  stopping  power  of  the 
gas.  Increase  in  stopping  power  is  achieved  either  by  increasing  the  pressure  of  the  gas  or 
by  adding  a  small  fraction  of  another  gas,  such  as  krypton,  with  a  higher  stopping  power. 
Increase  in  stopping  power  is  accompanied,  however,  by  an  increase  in  gamma  sensitivity 
and  a  decrease  in  pulse  rise  time.  Fast  rise  time  is  important  for  TOF  measurements. 

The  pressure  of  the  gas  and  the  operating  voltage  are  higher  in  3He  than  in  BF3  detec¬ 
tors.  The  pressure  of  the  3He  is  usually  between  404  and  1010  kPa  (4-10  atm),  and  the  oper¬ 
ating  voltage  is  3000-5000  V. 


FIGURE  14.3  Efficiency  of  3He-filled  proportional  counter  as  a  function  of  neutron  energy. 
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14.3  FISSION  CHAMBERS 

Fission  chambers  are  gas-filled  detectors  that  detect  the  fragments  produced  by  fission. 
The  fission  fragments,  being  massive  charged  particles  with  Z  ~  +20e  and  kinetic  energy 
60-100  MeV,  have  a  short  range  even  in  a  gas.  They  produce  such  an  intense  ionization  that 
gas  multiplication  is  not  necessary.  Thus,  fission  chambers  operate  in  the  ionization  region. 

In  the  most  common  type  of  fission  chamber,  the  interior  surface  of  the  detector  is 
coated  with  a  fissile  isotope  (Figure  14.4).  When  fission  takes  place,  one  of  the  fission  frag¬ 
ments  (denoted  as  FFX  in  Figure  14.4)  is  emitted  toward  the  center  of  the  detector  and  is 
detected.  The  other  (FF2)  stops  in  the  fissile  deposit  or  the  wall  of  the  detector.  The  counting 
rate  of  a  fission  chamber  is  proportional  to  the  fission  rate,  which,  in  turn,  is  proportional  to 
the  neutron  flux.  The  relationship  among  these  three  quantities  is  similar  to  the  equations 
given  for  the  BF3  detector. 

For  relative  measurements,  the  thickness  of  the  fissile  material  coating  is  not  very  criti¬ 
cal  except  that  it  should  be  less  than  the  range  of  the  fission  fragments.  For  an  absolute  mea¬ 
surement,  however — that  is,  a  measurement  for  which  every  fission  should  be  detected — at 
least  one  fission  fragment  from  each  fission  should  produce  a  recorded  pulse.  To  achieve 
this,  the  thickness  of  the  coating  must  be  limited  so  that  fission  fragments  being  produced 
anywhere  in  the  layer  of  the  fissile  material  generate  a  pulse  larger  than  that  of  alphas,  betas, 
or  gammas,  which  are  always  present.'  Pulses  from  gammas  present  a  problem  only  when 
the  chamber  is  used  in  an  extremely  intense  gamma  field.  Pulses  from  alphas,  however,  are 
always  present  and  should  be  discriminated  from  those  of  fission  fragments.  Fortunately, 
the  difference  between  the  ionization  produced  by  alphas  and  that  produced  by  fission  frag¬ 
ments  is  so  large  that  such  discrimination  is  easy.  Figure  14.5  shows  a  typical  integral  pulse- 
height  spectrum.  Note  that  the  alpha  pulses  start  at  such  a  low  level  that  a  discriminator 
level  can  be  set  to  cut  them  off. 

Fission  chambers  may  be  used  for  the  detection  of  either  fast  or  thermal  neutrons. 
If  the  chamber  wall  is  coated  with  235U,  essentially  only  thermal  neutrons  are  detected 
because  the  235U  fission  cross  section  for  thermal  neutrons  is  about  500  times  higher  than 
that  of  fast  neutrons.  If  the  chamber  is  coated  with  238U  or  232Th,  only  fast  neutrons  with 
kinetic  energy  greater  than  1  MeV  are  detected  because  the  fission  cross  section  of  these 
isotopes  has  a  threshold  at  about  that  energy. 

Fission  chambers  are  used  for  the  detection  of  the  number  and  not  the  energy  of  neu¬ 
trons.  They  can  be  used,  however,  for  differentiation  of  thermal  and  fast-neutron  flux  by 
using  a  combination  of  235U-  and  238U-coated  chambers  (see  also  Section  14.6). 


FIGURE  14.4  A  fission  chamber. 


All  fissile  isotopes  emit  alpha  particles.  Betas  and  gammas  may  be  emitted  either  by  the  fissile  isotope  or  by 
fission  fragments. 
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The  sensitivity  of  a  fission  chamber  decreases  with  exposure  because 
of  the  depletion  of  the  fissile  isotope  (the  same  phenomenon  as  depletion 
of  boron  atoms — see  Section  14.2.1).  The  decrease  in  sensitivity  may  be 
halted,  to  a  certain  extent,  if  the  chamber  wall  is  coated  with  a  mixture 
of  fertile  and  fissile  materials.  One  such  combination  is  90%  234U  and  10% 

235U.  The  235U  is  partially  replenished  with  new  atoms  produced  by  neu¬ 
tron  capture  in  234U.  A  235U-238U  combination  will  have  a  similar  effect, 
thanks  to  239Pu  produced  as  a  result  of  neutron  capture  in  238U. 

Fission  chambers  are  used  extensively  for  both  out-of-core  and 
in-core  measurements  of  neutron  flux  in  nuclear  reactors.  In  out-of¬ 
core  situations,  they  monitor  the  neutron  population  during  the  early 
stages  of  power  ascension  when  the  neutron  flux  level  is  very  low.  For 
in-core  measurements,  fission  chambers  are  used  for  flux  mapping  (and 
consequently,  determination  of  the  core  power  distribution).  They  are 
manufactured  as  long  thin  cylindrical  probes  that  can  be  driven  in  and 
out  of  the  core  with  the  reactor  in  power.  Typical  commercial  fission 
chambers  for  in-core  use  have  diameters  of  about  1.5  mm  (0.06  in.),  use  uranium  enriched 
to  at  least  90%  in  235U  as  the  sensitive  material,  and  can  be  used  to  measure  neutron  fluxes 
up  to  1018  neutrons/(m2  ■  s)  (1014  neutrons/[cm2  ■  s]). 


FIGURE  14.5  An  integral  pulse-height  spec¬ 
trum  taken  with  a  fission  chamber. 


14.4  NEUTRON  DETECTION  BY  FOIL  ACTIVATION 
14.4.1  Basic  Equations 

Neutron  detection  by  foil  activation  is  based  on  the  creation  of  a  radioisotope  by  neutron  cap¬ 
ture,  and  subsequent  counting  of  the  radiation  emitted  by  that  radioisotope.  Foil  activation  is 
important  not  only  for  neutron  flux  measurements  but  also  for  neutron  activation  analysis, 
which  is  the  subject  of  Chapter  15.  This  section  presents  the  basic  equations  involved. 
Consider  a  target  being  irradiated  in  a  neutron  flux  (| )(£),  where 

G,(£)  =  neutron  absorption  cross  section  of  isotope  Ai  at  neutron  energy  £ 

£i+1  =  decay  constant  of  isotope  with  atomic  mass  number  A,-  +  1  (A,  +  1) 

0,+1(£)  =  neutron  absorption  cross  section  of  isotope  A,  +  1  at  neutron  energy  £ 

N/(t)  =  number  of  atoms  of  nuclide  with  atomic  mass  number  At,  present  at  time  t 
m  =  mass  of  target  (normally  this  is  the  mass  of  the  element  whose  isotope  A,  captures 
the  neutron) 

a,  =  weight  fraction  in  the  sample  of  isotope  A; 

As  a  result  of  neutron  absorption,  the  following  processes  take  place: 

1.  Target  atoms  of  atomic  mass  number  A,  are  destroyed. 

2.  Atoms  with  atomic  mass  number  Ai+1  are  produced. 

3.  Atoms  of  type  Ai+1  decay. 

4.  Atoms  of  type  Ai+1  may  be  destroyed  by  absorbing  a  neutron. 

For  the  target  isotope  (^  X),  the  reaction  involved  is 

%X  +  n  -^+1x 
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The  destruction  of  these  atoms  proceeds  according  to  the  equation 


=  Af,(i)J  dEa  i(E)<!j>(E) 


(14.12) 


o 


In  Equation  14.12  and  all  others  in  this  section,  it  is  assumed  that  the  presence  of 
the  target  does  not  disturb  the  flux;  that  is,  the  foil  does  not  cause  depression  of  the  flux. 
Corrections  that  take  into  account  foil  self-absorption  can  be  found  in  Chapter  11  in 
Beckurts  and  Wirtz  and  in  Reference  12.  The  integral  over  energy  in  Equation  14.12  is  usu¬ 
ally  expressed  as 


(14.13) 


o 


0 


That  is,  an  average  cross  section  is  computed  and  used,  even  though  the  overbar  that 
indicates  averaging  is  normally  dropped.  From  now  on,  Equation  14.13  will  be  used  without 
the  overbar,  but  the  reader  should  keep  in  mind  that  a  is  an  average  over  the  neutron  energy 
spectrum. 

The  solution  of  Equation  14.12  is,  using  Equation  14.13, 


N,(t)  =  N,(  0)e“a* 


(14.14) 


where 


H 


The  net  production  of  the  Ai+1  isotope  is  expressed  by 


or 


(14.15) 


With  initial  condition  Ni+1(t)  =  0,  the  solution  of  Equation  14.15  is 


{exp(-Ci<pf )  -  exp  [-(A,i+1  +  ai+1cp)f] }  (14.16) 


The  activity  of  this  target  AM(t)  is,  after  irradiation  for  time  t, 


1  +  (c,+1  -  a,)(|)/A,i+i 
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Equation  14.17  refers  to  the  most  general  case.  In  practice,  targets  are  selected  in  such 
a  way  that 

1.  The  fraction  of  target  nuclei  destroyed  is  negligible,  that  is,  «  1. 

2.  The  radioisotope  produced  has  a  neutron  absorption  cross  section  such  that 

V  A+ l*t*- 

If  conditions  (1)  and  (2)  are  met,  Equation  14.17  takes  the  form 


A+i if)  =  aiA/'i(0)<t)[l  -  exp(-A,i+if)] 


(14.18) 


which  is  the  more  familiar  form  of  the  activity  or  activation 
equation. 

If  one  plots  activity  as  a  function  of  irradiation  time,  the 
result  is  Figure  14.6.  Two  regions  are  observed: 

1.  For  irradiation  times  that  are  short  compared  to  the 
half-life  of  the  radioisotope  produced,  the  activity 
increases  linearly  with  time.  Indeed,  if  Xi+1i  <K  1,  then 

e~XMt  *  1  -  W 

and 


Ai+1(t)  «  CiNi(0)^Xi+1t 


C/A7;(0)ct) 


In  2 

- 1 

Ti+ 1 


FIGURE  14.6  Activity  versus  irradiation  time  (shown  as 
a  fraction  of  saturation  activity). 


where  Ti+1  is  the  half-life  of  the  isotope  produced. 

2.  For  irradiation  times  many  times  longer  than  the  half-life  of 
the  radioisotope,  the  activity  reaches  a  saturation  value  (A)- 
Theoretically,  the  saturation  activity 

A  =  aMiGft  (14.19) 

is  reached  for  t  =  °°.  In  practice,  the  activity  produced  is  taken  as  equal 
to  A  for  t  ~  6-7  half-lives.  Table  14.2  gives  the  fraction  of  saturation 
activity  produced  for  several  irradiation  times  measured  in  half-lives 
of  the  isotope  produced. 


TABLE  14.2 

Fraction  of  Saturation  Activity  Produced 
as  a  Function  of  Irradiation  Time 


Irradiation  Time  (in  Half-Lives)  Ahj{t)IAs 

4  0.937 

5  0.969 

6  0.984 

7  0.992 

8  0.996 


( - \ 

EXAMPLE  14.3 

The  isotope  ,97Au  is  irradiated  in  a  thermal  neutron  flux  of  1018  neutrons/(m2  •  s).  The 
cross  section  for  neutron  capture  is  99  b,  and  the  half-life  of  the  radioactive  198Au  pro¬ 
duced  is  2.7  days:  (a)  How  long  does  the  sample  have  to  be  irradiated  for  0.1%  of  the 
target  atoms  to  be  destroyed?  (b)  What  is  the  irradiation  time  necessary  to  produce  95% 
of  saturation  activity?  (c)  If  the  mass  of  the  sample  is  4  x  1 0~6  kg,  what  is  the  irradiation 
time  necessary  to  produce  7.4  x  104  Bq  (2  gCi)  of  activity? 
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Answer 


a.  Using  Equation  14.14, 


^-  =  0.999  =  e-°*  or 
MO) 


— 'In - 

o<()  0.999 


=  1.01  x  105s  =  28  h 


b.  Using  Equation  14.18,  the  irradiation  time  t  should  be  such  that  1  -  exp(-A.t)  =  0.95 
or 


T 


Inf - - - 1  =  1 1.67  days 

U-0.95J  1 


c.  Using  Equation  14.18, 


A(t)  =  oM0)<t>(1  -  e~u)  =  om— ( fd  -  e**) 

A 


It  is  prudent  to  evaluate  As  first,  because  if  As  is  less  than  the  activity  desired,  it  is 
impossible  to  obtain  such  activity  under  the  conditions  given. 

The  saturation  activity  is 


4  =  |>  =  (99  x  1 0"28)(4  x  10“6) 

=  1.21  X  10"  Bq  =  3.27  Ci. 


In  this  example,  As  is  greater  than  A(t)  and  the  required  irradiation  time  t  is 


14.4.2  Determination  of  the  Neutron  Flux  by  Counting 
the  Foil  Activity 

As  shown  in  Equation  14.18,  the  activity  of  the  irradiated  foil  is  proportional  to  the  neutron 
flux.  Determination  of  the  flux  requires  measurement  of  the  activity,  a  task  accomplished 
as  follows. 

Let  the  irradiation  time  be  £„.  In  practice,  counting  of  the  foil  starts  some  time  after 
irradiation  stops,  and  it  is  customary  to  consider  the  end  of  irradiation  as  time  t  =  0  (Figure 
14.7).  At  time  t  after  irradiation  stops,  the  activity  is,  using  Equation  14.18, 


A+i (t)  =  A/,:(0)O;(|>[l  -  exp(-A.,+1£0)]e  w 


(14.20) 
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\4 - Irradiation - ► 

i  i 

j^— Counting— ►] 

^0 

h  h 

0 


Time  after 
irradiation  stops 


FIGURE  14.7  Timescale  for  counting  an  irradiated  sample.  Time  f  =  0  coincides  with  the  end  of 
the  irradiation  period. 


If  the  sample  is  counted  between  £,  and  t2,  the  number  of  disintegrations  in  that  period  is 

h 

Ditih )  =  U+i(f)df  =  ,  Gi<l>[l  -  exp(— Wo)](e'W£l  -  e~x^)  (14.21) 

Assuming  that  one  counts  particles  with  energy  Ek  for  which  ek  is  the  probability  of 
emission  per  decay,  and  the  counting  system  is  such  that 

ek  =  the  efficiency  of  the  detection  of  particles  with  energy  £* 

Q.  =  solid  angle 

B  =  background  counts  recorded  in  time  T=  t2  -  tk 


then  the  gross  counts  recorded,  Gk,  will  be 

Gk  =  EkekFaNf)Ci^[l  -  exp(-Xi+1t0)](e-x‘^  -  e~x‘^)  +  B  (14.22) 

A-/+1 

The  factor  Fin  Equation  14.22  takes  into  account  any  other  corrections  (i.e.,  backscat- 
tering,  foil  self-absorption)  that  may  be  necessary  (see  Section  8.3).  If  dead-time  correction 
is  necessary,  it  should  be  applied  to  Gk. 

The  flux  (|)  is  determined  from  Equation  14.22  if  all  the  other  factors  are  known.  There 
are  two  types  of  factors  in  Equation  14.22: 


1.  Factors  that  depend  on  the  sample  [Af;(0),  ct,,  A,i+1,  ek\,  which  are  assumed  to  be  known 
with  negligible  error 

2.  Factors  that  depend  on  the  counting  system  (e,  F,  Q.,  B ),  which  are  the  main  sources 
of  error 


To  determine  the  flux  distribution  only,  not  the  absolute  value  of  the  flux,  foils  are 
placed  at  known  positions  Xj  and  are  irradiated  for  a  time  t0.  The  foils  are  then  counted  using 
the  same  detector.  At  any  point  xjt  the  flux  may  be  written  as 


<t>(*;) 


L[Gk{Xj)  -  Bj] 

mfi 


(14.23) 


where  the  subscript  j  indicates  position  of  the  foil  and  =  mass  of  foil  at  position  j. 

Cj  =  [exp(-^i+1h)  -  exp(-Xi+if2)]; 

L  =  A,i+i^e^FQ^-[l  -  exp(-^i+1l0)]j 


( L  includes  all  the  factors  that  are  common  to  all  the  foils.) 
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The  title  of  this  section  includes  the  word  foil  because  the  sample  to  be  irradiated  is 
used  in  the  form  of  a  thin  foil  of  the  order  of  1-mm  thick  or  less.  The  mass  of  the  foil  is  only 
a  few  milligrams.  Small  thin  foils  are  used  because  of  the  following  considerations: 

1.  A  thick  sample  will  absorb  so  many  neutrons  that  the  radiation  field  will  be  per¬ 
turbed  and  the  measurement  will  not  give  the  correct  flux. 

2.  A  thick  sample  will  cause  a  depression  of  the  flux  in  its  interior.  In  such  a  case,  cor¬ 
rection  factors  will  have  to  be  applied  to  all  the  equations  of  this  section  that  contain 
the  flux  <|). 

3.  If  the  radioisotope  emits  (3  particles,  increased  thickness  will  not  necessarily  increase 
the  counting  rate,  because  only  particles  emitted  close  to  the  surface  within  a  thick¬ 
ness  less  than  the  range  will  leave  the  target  and  have  a  chance  to  be  recorded. 

4.  There  is  no  purpose  in  producing  more  activity  than  is  necessary. 

Foil  activation  may  be  used  for  the  detection  of  the  number  of  either  fast  or  thermal 
neutrons.  The  use  of  foils  for  fast-neutron  energy  measurements  is  discussed  in  Section  14.6. 
Foil  activation  is  not  used,  generally,  for  measurement  of  the  energy  of  thermal  neutrons. 


14.5  MEASUREMENT  OF  A  NEUTRON  ENERGY 
SPECTRUM  BY  PROTON  RECOIL 

Detection  of  neutrons  by  proton  recoil  is  based  on  collisions  of  neutrons  with  protons  and 
subsequent  detection  of  the  moving  proton.  Since  neutrons  and  protons  have  approxi¬ 
mately  the  same  mass,  a  neutron  may,  in  one  collision,  transfer  all  its  kinetic  energy  to  the 
proton.  However,  there  is  a  possibility  that  the  struck  proton  may  have  any  energy  between 
zero  and  the  maximum  possible,  as  a  result  of  which  the  relationship  between  a  neutron 
energy  spectrum  and  a  pulse-height  distribution  of  the  struck  protons  is  not  simple.  It  is 
the  objective  of  this  section  to  derive  a  general  expression  for  this  relationship.  The  sections 
that  follow  show  its  application  for  specific  detectors. 

Consider  the  case  of  a  neutron  with  kinetic  energy  En  colliding  with  a  proton  at  rest 
(Figure  14.8).  To  calculate  the  proton  kinetic  energy  after  the  collision,  one  must  apply  the 
equations  of  conservation  of  energy  and  linear  momentum  (Equations  3.81  through  3.83) 
using  Q  =  0  and  Mn  =  Mp.  The  result  for  Ep,  the  proton  kinetic  energy  as  a  function  of  the 
recoil  angle  0,  is 

Ep=En  cos20  (14.24) 


FIGURE  14.8  Neutron-proton  collision  kinematics. 


In  a  neutron-proton  collision,  the  maximum  value  of  angle 
0  is  90°,  and  the  minimum  0°;  therefore,  the  limits  of  the  proton 
energy  are  0  <Ep<  En.  For  neutron  energies  up  to  about  14  MeV, 
the  («  -p)  collision  is  isotropic  in  the  center-of-mass  system;  as  a 
consequence,  there  is  an  equal  probability  for  the  proton  to  have 
any  energy  between  zero  and  En  in  the  laboratory  system.  That  is,  if 
p(E)  d E  is  the  probability  that  the  proton  energy  is  between  E  and 
E  +  d E,  after  the  collision,  then 

p{E)dE  =  —  (14.25) 

En 
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The  function  p(E)  is  shown  in  Figure  14.9.  What  is  important  for  the  observer  is  not  1/E  _ 

p(E)  but  the  proton  pulse-height  distribution  produced  by  the  detector.  The  relationship  S 

between  the  pulse-height  distribution  and  the  neutron  spectrum  is  derived  as  follows.  Let _ 

t„  E 


§(En)  dEn  =  neutron  energy  spectrum  =  flux  of  neutrons  with  energy  between  E„  and 
E„  +  dE„ 

N{Ep)  dEp  =  proton  recoil  energy  spectrum  =  number  of  protons  produced  (by  colli¬ 
sions  with  neutrons)  with  energy  between  Ep  and  E  +  dEp 

R(E,Ep)  dE  =  response  function  of  the  detector  =  probability  that  a  proton  of  energy 
E  will  be  recorded  as  having  energy  between  E  and  E  +  dE  (defined  before  in 
Section  11.5) 

M(E)  dE  =  measured  spectrum  =  number  of  protons  measured  with  energy  between 
E  and  E  +  dE 


FIGURE  14.9  The  proton 
energy  distribution  after 
a  (n,  p )  collision  that  is 
isotropic  in  the  center  of 
mass  system  of  the  two 
particles. 


The  measured  spectrum  M(E)  is  the  pulse-height  distribution  in  energy  scale.  The 
response  function  R(E,  Ep)  takes  into  account  the  finite  energy  resolution  of  the  detector 
and  the  relationship  between  energy  deposition  and  pulse  height. 

Assuming  isotropic  scattering  in  the  center-of-mass  system,  the  proton  energy  spec¬ 
trum  is 


Emax 

N{Ep)dEP  =  NhT  [  a(EME„)dEnd^H(En  -  Ep)  (14.26) 

J  h,n 

En=  0 

where 

Nh  =  number  of  hydrogen  atoms  exposed  to  the  neutron  beam 
T  =  time  of  measurement  of  the  recoil  protons 
H{En  -  Ep)  =  step  function;  H{En  -  Ep)  =  1  \E„  >  Ep,  zero  otherwise 
o(En)  =  elastic  scattering  cross  section  for  (n,  p)  collisions 

The  measured  energy  spectrum  is  then  given  by 

Emax 

M(E)dE=  f  dER(E,Ep)N(Ep)dEp  (14.27) 

In  Equations  14.26  and  14.27,  the  energy  £max  is  the  upper  limit  of  the  neutron  energy 
spectrum.  Equation  14.27  may  be  rewritten  in  the  form 

Emax 

M(E)=  J  dEnk{E,E„)<!p(E„)  (14.28) 

0 

where 


£max 

k(E,En)  =  J  dEpR(E,Ep)N, 


hT^AH(e„-ep) 


(14.29) 


Equation  14.28  has  the  form  of  the  folding  integral  (see  also  Section  11.5),  while 
Equation  14.29  gives  the  "composite”  response  function  for  the  proton  recoil  spectrometer. 
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The  task  of  neutron  spectroscopy  is  to  obtain  the  neutron  energy  spectrum  (J)(£),  which 
means  to  unfold  Equation  14.28.  Two  general  methods  used  to  unfold  this  equation  are 
discussed  next. 


r 


EXAMPLE  14.4 

As  a  first  application  of  Equation  14.28,  consider  the  case  of  a  monoenergetic  neutron 
spectrum  and  a  detector  with  a  Gaussian  response  function.  What  is  the  measured 
spectrum? 


Answer 

Substituting  the  Gaussian  response  function 

(E  -  Ep)2 
2  a2 


R(E,EP)  = 


yf2na 


exp 


into  Equation  14.29  and  performing  the  integration,  assuming  £/o»  1,  one  obtains* 


*(£,£„)  = 


NHTa(En) 


2  En 


1  +  erf 


En  ~E 
V2a 


where 


erf 


e 


-t2/  2 


dt 


Substituting  the  value  of  k(E,  En)  and  the  monoener¬ 
getic  flux  (( >(£„)  =  58(£„  -  £0)  into  Equation  14.28  and  per¬ 
forming  the  integration,  one  obtains 


M(E)  =  S 


NhTo(E0) 


2  En 


1  +  erf 


(14.30) 


FIGURE  14.10  The 

measured  monoenergetic 
neutron  spectrum  obtained 
with  a  detector  having  a 
Gaussian  response  (S  =  1). 


The  function  M(E)  given  by  Equation  14.30  is  shown 
in  Figure  14.10.  It  is  essentially  the  same  function  as  that 
shown  in  Figure  14.9,  except  for  the  rounding  off  at  the 
upper  energy  limit  caused  by  the  Gaussian  detector 
response. 


There  are  two  o's  involved  here:  a(£)  is  the  cross  section  at  energy  E;  0  without  an  argument  is 
the  standard  deviation  of  the  Gaussian. 


J 


14.5.1  Differentiation  Unfolding  of  Proton  Recoil  Spectra 

If  R(E,  Ep)  =  8 (E  -  Ep),  then  the  response  function  of  the  proton  recoil  spectrometer  is  (using 
Equation  14.29) 


k{E,  En)  =  NHT 


c KE„) 
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and  Equation  14.28  takes  the  form 


-hma: 

M(E)  =  NhT  J 


dEn°<^( \>(En) 

ILyi 


(14.31) 


The  lower  limit  of  the  integral  is  set  equal  to  E  because  at  any  energy  E,  only  neutrons  with 
energy  En  >  E  can  contribute  to  M{E).  Equation  14.31  may  be  solved  by  differentiation  to  give 


<t>(£) 


E 

dM{E ) 

NHTa(E) 

dE 

(14.32) 


The  evaluation  of  the  derivative  in  Equation  14.32  is  performed  by  numerical  tech¬ 
niques,  since  it  is  not  the  spectrum  M(E)  that  is  measured  but  its  “binned”  equivalent, 


Ei+1 

J  M(E)dE  =  Mi 

Ei 


(14.33) 


where  Mt  is  the  number  of  counts  in  channel  i  of  the  spectrometer.  Several  investigators13-17 
applied  least-squares  fit  techniques  to  numerically  perform  the  differentiation  of  Equation 
14.32.  Usually,  each  M,  is  assigned  the  energy  corresponding  to  the  midpoint  of  the  channel 
and  an  Mth-order  polynomial  is  least-squares  fit  to  that  point  and  the  preceding  and  fol¬ 
lowing  N  points  [this  is  an  Mth-order,  (2 N  +  l)-point  fit;  see  Section  11.6].  The  derivative  of 
the  polynomial  at  the  mid-point  is  used  as  the  derivative  [dM(E)/dE\i.  This  method  has  the 
disadvantage  that  it  slightly  hardens  the  unfolded  spectrum. 

An  improved  differentiation  technique18  consists  of  first  smoothing  the  true  spectrum 
c|)(£)  to  obtain  a  “smoothed”  true  spectrum  <| )s(£),  given  by 


<|>s(£)  =  jG(E,E')ty{E')dE' 

o 


(14.34) 


where  G{E,  E')  is  a  smoothing  function  normalized  to  1.  Substituting  Equation  14.32  into 
Equation  14.34,  one  obtains18 


NC 

m  =  £ 


NT 


Ei+1  G{E,  Ei+1)  -  — —  G{E,  E^ 
a(Ei+1)  a(Ei) 


Mi 


(14.35) 


where  NC  is  the  number  of  channels,  M,  is  given  by  Equation  14.33,  and  the  assumption  is 
made  that  the  quantity  [E'/o(E')]G(E,  E')  approaches  zero  at  both  limits  of  integration  of 
Equation  14.34.  Results  obtained  with  Equation  14.35  and  a  Gaussian  smoothing  function 
show  no  spectrum  hardening. 


14.5.2  Proportional  Counters  Used  as  Fast-Neutron 
Spectrometers 

Proportional  counters  filled  with  hydrogen  or  methane  are  used  for  the  measure¬ 
ment  of  neutron  spectra  in  the  energy  range  1  keV <En<  2  MeV.  Neither  hydrogen  nor 
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methane  is  equally  useful  over  the  full  energy  range.  Hydrogen-filled  detectors  are  used 
for  En  <  100  keV.  For  higher  neutron  energy,  greater  stopping  power  is  needed,  and  for  this 
reason,  methane  is  used  instead  of  hydrogen.  Methane-filled  detectors  do  not  give  good 
results  for  En  <  100  keV  because  of  spectrum  distortion  from  carbon  recoils. 

The  efficiency  of  a  proportional  counter,  like  that  of  any  other  gas-filled  detector, 
depends  on  its  size,  the  composition  and  pressure  of  the  gas,  and  the  energy  of  the  incident 
neutrons.  Knowledge  of  the  neutron  cross  section  for  interactions  with  hydrogen  and  car¬ 
bon  over  the  energy  range  of  interest  is  necessary  for  efficiency  calculations.  The  hydrogen 
cross  section  is  known  to  better  than  1%  for  neutron  energies  between  0.2  and  22  MeV.  The 
carbon  cross  section  is  less  accurately  known  for  En>  2  MeV.  In  addition  to  elastic  scatter¬ 
ing,  other  carbon  reactions,  such  as  (n,  n'),  (n,  a),  and  (n,  p),  are  important  for  En  >  4.8  MeV 
and  should  be  included  in  the  response  function  of  the  detector.  Table  14.3  gives  hydrogen 
and  carbon  cross  sections  for  0.2  <  En  <  20  MeV. 

The  relationship  between  the  neutron  spectrum  and  the  measured  pulse-height  distri¬ 
bution  is  given  by  Equation  14.28.  The  response  function  k(E,  £„)  (Equation  14.29)  may  be 
measured  or  calculated.  In  either  case,  the  following  effects  have  to  be  taken  into  account 
in  obtaining  k{E,  -EJ14-17,19,20: 


TABLE  14.3 

Total  Hydrogen  and  Carbon  Cross  Sections 
for  0.2  <En<  20  MeV 

Neutron  Energy  (MeV) 

a,('H)  (b) 

o,(,2C)  (b) 

0.2015 

9.523 

4.260 

0.3220 

7.719 

3.857 

0.4265 

6.712 

3.583 

0.6170 

5.532 

3.174 

0.9035 

4.515 

2.720 

1.205 

3.902 

2.345 

1.613 

3.287 

1.965 

2.234 

2.737 

1.606 

3.329 

2.183 

1.760 

4.236 

1.827 

1.943 

4.919 

1.616 

1.198 

6.017 

1422 

1.094 

7.038 

1.246 

1.023 

8.029 

1.137 

1.466 

10.00 

0.940 

1.140 

11.98 

0.801 

1.259 

14.01 

0.693 

1.360 

16.06 

0.605 

1.431 

17.81 

0.541 

1.448 

19.91 

0.483 

1.450 

21.81 

0.442 

1.445 

Source: 

Verbinski,  V.  V.  et  al.,  Nucl.  Instrum.  Meth.  65:8;1968. 
(Reference  21) 
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Wall-and-end  effects.  Tracks  of  protons  generated  close  to  the  wall  or  close  to  the  ends 
of  the  detector  have  a  high  probability  for  incomplete  energy  deposition  and  collec¬ 
tion  of  ionization.  Proton-recoil  tracks  close  to  the  wall  are  truncated  by  collisions 
with  the  wall  material  before  the  struck  proton  deposits  all  its  energy  in  the  detector. 
Protons  being  produced  close  to  the  end  of  the  detector  and  moving  toward  either 
end  enter  into  a  region  of  lower  electric  field  where  there  is  little  or  no  gas  multiplica¬ 
tion  and  where  there  is,  consequently,  incomplete  collection  of  the  charge  produced. 

As  a  result  of  wall-and-end  effects,  lower  energy 
pulses  are  generated  that  tend  to  increase  the  response 
function  toward  the  lower  energies  (Figure  14.11). 

Corrections  for  this  effect  have  been  calculated,17'22  but 
unfortunately  each  calculation  applies  only  to  a  specific 
geometry. 

The  magnitude  of  wall-and-end  effects  increases 
as  the  size  of  the  detector  decreases.  It  also  increases 
as  the  neutron  energy  increases.  In  fact,  for  neutrons  in 
the  MeV  range,  the  distortion  of  the  spectrum  due  to 
these  effects  becomes  so  significant  that  it  sets  the  upper 
energy  limit  (~2  MeV)  for  the  use  of  a  proportional 
counter  as  a  spectrometer. 

Electric field  distortion.  The  charge  multiplication  in 

a  proportional  counter  depends  on  the  intensity  of  the  electric  field.  Close  to  the 
ends  of  a  cylindrical  detector,  the  strength  of  the  electric  field  becomes  gradually 
less  intense  than  in  most  of  the  detector  volume.  This  effect  produces  lower  pulses 
from  proton  recoils  at  the  ends  of  the  detector.  Detectors  with  large  length-to-diam- 
eter  ratio  are  less  affected  by  this  problem.  Theoretical  corrections  of  this  effect  have 
been  developed  and  successfully  applied.17 

Effect  of  carbon  recoils.  Neutrons  detected  by  methane-filled  detectors  collide  not  only 
with  hydrogen  nuclei  but  also  with  carbon  atoms.  The  ionization  produced  by  carbon 
recoils  is  indistinguishable  from  that  produced  by  protons.  However,  carbon  recoils 
produce  pulses  that  are  smaller  than  those  from  protons  because  of  differences  in 
both  kinematics  and  ionization  ability.  The  maximum  fraction  of  neutron  energy 
that  can  be  imparted  to  a  carbon  nucleus  in  one  collision  is  0.28  (1  for  a  hydrogen 
nucleus),  and  the  relative  ionization  efficiency  of  a  carbon  to  a  proton  recoil  is  about 
O.5.20  Thus,  the  effect  of  carbon  recoils  is  to  add  pulses  at  the  low-energy  region 
of  the  response  function  (Figure  14.11).  Carbon-recoil  effects  are  so  significant  for 
E„  <  100  keV  that  methane-filled  detectors  are  not  usable  below  this  energy. 

Variation  of  energy  needed  to  produce  one  ion  pair.  The  measured  spectrum  may  dif¬ 
fer  from  the  proton-recoil  spectrum  because  of  nonlinearity  in  the  relationship 
between  proton  energy  and  ionization  produced.  That  relationship  is  expressed  by 
the  quantity  w(E),  defined  as  the  energy  needed  by  a  proton  of  energy  E  to  produce 
one  electron-ion  pair.  To  be  able  to  use  a  detector  as  a  spectrometer,  the  value  of 
w(E)  should  be  accurately  known  for  the  gas  of  the  detector  for  all  energies  below 
the  maximum  neutron  energy  measured.  Experiments  have  shown  that  the  value  of 


FIGURE  14.11  Distortion  of  the  response  function  because  of 
wall-and-end  effects  and  heavy-atom  recoils. 
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w{E)  is  essentially  constant  for  hydrogen  for  neutron  energies  about  ~20  keV.  Below 
that  energy,  w(E)  changes  slightly  with  energy.17,20  For  methane,  w{E)  seems  to  be 
essentially  constant  between  100  keV  and  1  MeV.20 

Gamma-ray  discrimination.  Proportional  counters  used  in  a  mixed  neutron-gamma 
field  detect  both  types  of  radiation.  Discrimination  of  y-ray  pulses  has  been  accom¬ 
plished  by  utilizing  the  fact  that  the  Compton  electrons  produced  by  the  gammas 
have  longer  range  than  proton  recoils.  The  time-of-rise  method,  which  is  now  almost 
universally  used,  takes  advantage  of  the  faster  rise  time  of  the  proton  pulse  relative  to 
that  of  the  electrons.  Proton  range  is  so  much  shorter  than  electron  range  that  all  the 
ions  produced  by  the  proton  arrive  at  the  anode  at  about  the  same  time  and  generate  a 
pulse  with  a  fast  rise  time.  On  the  other  hand,  ions  produced  by  electrons  along  their 
path  arrive  at  the  anode  over  a  period  of  time  and  generate  a  pulse  with  a  slower  rise 
time.  Thus,  using  appropriate  electronics,  the  pulses  from  gammas  can  be  rejected. 

Finite  resolution  of  proton  detector.  The  resolution  of  a  proportional  counter  for 
monoenergetic  protons  is  derived  from  two  factors.  One  is  a  statistical  broaden¬ 
ing  that  depends  on  the  number  of  ion  pairs  produced.  The  other  is  a  “mechanical” 
broadening  due  to  imperfections  in  the  design  of  the  detector  and  impurities  in  the 
filling  gas.  At  an  energy  of  615  keV,  the  energy  resolution  is  of  the  order  of  4%,  but  it 
deteriorates  to  about  60%  at  1  keV. 

Response  functions  of  proportional  counters  have  been  measured  and  calculated  by 
several  people.  Verbinski  and  Giovannini20  gave  a  critical  study  of  response  functions  of 
gas-filled  detectors  as  well  as  a  comparative  study  of  the  different  codes  used  to  unfold 
their  spectra.  Figures  14.12  and  14.13  show  measured  and  calculated  response  functions  for 
methane-  and  hydrogen-filled  proportional  counters. 

Coarse  calibration  of  proportional  counters  is  achieved  by  using  3He  and  N2  as  addi¬ 
tives  in  the  gas  of  the  detector  and  employing  the  reactions 

14N(«,j?)14C,  Q  =  626  keV 
3He(«,/?)3H,  Q  =  765  keV 

Fine  calibration  is  obtained  by  placing  the  detector  inside  neutron  filters  made  of 
aluminum,  NaCl,  and  Teflon.23  The  filters  generate  dips  in  the  unfolded  spectrum,  which 
coincide  with  the  energies  of  cross-section  resonances  of  the  corresponding  isotope.  Fine 
calibration  is  achieved  when  the  energies  of  the  dips  of  the  unfolded  spectrum  coincide 
with  the  energies  of  the  resonances. 

14.5.3  Organic  Scintillators  Used  as  Fast-Neutron  Spectrometers 

Organic  scintillators  have  proven  to  be  excellent  fast-neutron  detectors  because  they  have 
high  and  known  efficiency,  good  energy  resolution,  and  low  sensitivity  to  gammas.  The  high 
efficiency  is  due  to  their  hydrogen  content  (1.1  hydrogen  atoms  per  carbon  atom,  density 
about  103  kg/m3  (=  1  g/cm3)),  the  relatively  high  hydrogen  cross  section  (2.5  b  for  2.5-MeV 
neutrons),  and  the  ability  to  make  and  use  them  in  large  sizes.  Organic  scintillators  are  the 
main  detectors  used  for  neutron  spectroscopy  from  ~10  to  200  MeV.  An  excellent  review  of 
organic  scintillator  properties  is  given  in  Reference  24. 

Stilbene  scintillators  were  used  as  early  as  1957.  Stilbene,  as  a  crystal,  is  very  sensitive 
to  mechanical  and  thermal  shock  and  shows  an  anisotropic  response  to  neutrons — that 
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FIGURE  14.12  Measured  and  calculated  response  functions  for  a  methane-filled  proportional 
counter  (1.5  in.  diameter,  3.5  atm  pressure),  (a)  At  75°C,  1772  keV.  (b)  At  75°C,  592  keV  ( dN/dl  is 
the  proton  ionization  spectrum).  (Reprinted  from  Nucl.  Instrum.  Meth.  114,  Verbinski,  V.  V.  and 
Giovannini,  R.,  205,  Copyright  1974,  with  permission  from  Elsevier.) 


(a)  (b) 


Ionization,  keV  Ionization,  keV 


FIGURE  14.13  Measured  and  calculated  response  functions  for  a  cylindrical  hydrogen-filled  pro¬ 
portional  counter  (1.5  in.  diameter,  2.6  atm  pressure,  H2  +  5%  N2).  (a)  Electric  field  distortion,  45°C, 
50  keV.  (b)  At  45°C,  100  keV  [dN/dl  is  the  proton  ionization  spectrum).  (Reprinted  From  Nucl.  Instrum. 
Meth.  114,  Verbinski,  V.  V.  and  Giovannini,  R.,  205,  Copyright  1974,  with  permission  from  Elsevier.) 
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FIGURE  14.14  Light  response  of  NE  110 
(plastic)  and  NE  213  scintillator  as  a  function  of 
electron  and  proton  energy.  (Reprinted  from 
Nucl.  Instrum.  Meth.  162,  Harvey,  J.  A.  and  Hill, 
N.  W.,  507,  Copyright  1979,  with  permission 
from  Elsevier.) 


is,  neutrons  incident  from  different  directions,  with  respect  to  the  crystal  lattice,  produce 
different  light  output.  Liquid  organic  scintillators  have  none  of  these  problems;  in  addition, 
they  have  higher  H/C  ratio,  and  light  production  from  carbon  recoils  relatively  lower  than 
in  stilbene.  For  all  these  reasons,  liquid  organic  scintillators  are  almost  exclusively  used  for 
detecting  fast  neutrons. 

The  NE  series*  of  organic  scintillators  has  been  studied  in  detail  and  used  exten¬ 
sively,  20-21'24'25  in  particular,  NE  213.  The  NE  213  scintillator,  which  is  most  commonly  used, 
consists  of  xylene,  activators,  the  organic  compound  POPOP  (as  a  wavelength  shifter),  and 
naphthalene,  which  is  added  to  improve  light  emission.  The  density  of  NE  213  is  about 
870  kg/m3  (0.87  g/cm3),  and  its  composition  is  taken  to  be  CHL21. 

As  the  size  of  an  organic  scintillator  increases,  the  efficiency  increases,  the  energy  reso¬ 
lution  deteriorates,  and  the  background  increases.  The  optimum  size  for  MeV  neutrons 
seems  to  be  a  scintillator  with  a  volume  10~4  m3  (100  cm3),  that  is,  a  cylinder  50  mm  in 
diameter  and  50  mm  tall.  The  efficiency  of  the  NE  213  scintillator  has  been  determined  by 
Verbinski  et  al.21  using  a  combination  of  measurements  and  Monte  Carlo  calculations  for 
20  neutron  energies  between  0.2  and  22  MeV. 

The  response  of  an  organic  scintillator  to  monoenergetic  neutrons 
depends  on  effects  similar  to  those  discussed  in  the  previous  section  for 
proportional  counters,  with  the  exception  of  electric  field  distortions. 
The  most  important  cause  of  a  response  different  from  the  ideal  rectan¬ 
gular  distribution  shown  in  Figure  14.9  is  the  nonlinear  relation  between 
the  energy  of  the  proton  and  the  amount  of  light  produced  by  the  scintil¬ 
lation  process.  For  organic  scintillators,  the  light  production  by  protons 
and  heavier  ions  is  essentially  proportional  to  f  the  power  of  the  energy 
deposited21  in  the  energy  range  0.3  <  E  <  4  MeV,  and  linear  for  lower 
energies.26  The  light  production  by  electrons  varies  almost  linearly  with 
energy26  (Figure  14.14). 

Response  functions  for  the  NE  213  organic  scintillator  were  first 
obtained  by  Verbinski  et  al.21  These  authors  measured  the  NE  213 
response  for  20  energies  between  0.2  and  22  MeV  and  then  normalized 
the  spectra  to  Monte  Carlo  calculations.  Ingersoll  and  Wehring27  and 
Johnson  et  al.,29  using  an  interpolation  scheme,  expanded  these  data 
into  an  81-column  matrix,  and  used  it  successfully  to  unfold  neutron 
spectra  up  to  20  MeV.  Figure  14.15  shows  typical  response  functions 
for  monoenergetic  neutrons  up  to  812  MeV.  Figure  14.16  shows  a  pulse- 
height  distribution  and  an  unfolded  spectrum.  Two  other  unfolding 
methods  can  be  found  in  References.  30  and  31. 

Neutron-gamma  discrimination  is  essential  for  the  satisfactory  performance  of  an 
organic  scintillator  as  a  neutron  spectrometer.  Fortunately,  rejection  of  gamma  pulses  can 
be  achieved  by  electronic  means.  The  method  is  called  pulse-shape  discrimination  (PSD; 
see  also  Section  10.9)  and  is  based  on  the  difference  in  scintillator  response  to  gamma-  and 
neutron-associated  events.  The  electrons,  which  are  produced  by  gammas,  cause  scintil¬ 
lations  at  a  rate  faster  than  that  due  to  protons  produced  by  neutrons.  Thus,  the  electron 
pulses,  which  are  associated  with  photon  interactions,  have  a  faster  rise  time  than  the  pro¬ 
ton  pulses  associated  with  neutrons.  There  are  many  PSD  circuits.  All  of  them  generate  a 
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FIGURE  14.15  Response  functions  of  NE  213  spectrometer.  The  curves  represent  the  quan¬ 
tity  Equation  14.37.  (From  Burrus,  W.  R.  and  Verbinski,  V.  V.,  Nucl.  Instrum.  Meth.  67:181;1969.  With 
permission.) 

pulse  with  amplitude  dependent  upon  the  fast  and  slow  components  of  the  scintillation. 
The  PSD  circuit  used  by  Burrus  and  Verbinski32  produces  a  large  positive  pulse  for  neutrons 
and  a  small  positive  or  large  negative  pulse  for  gammas. 

Johnson  et  al.29  used  a  time-to-amplitude  converter  to  generate  a  signal  proportional  to 
the  rise  time  of  the  pulses  produced  in  the  scintillator  (Figure  14.17). 

Organic  scintillators  can  be  used  in  TOF  measurements  because  they  have  shown  tim¬ 
ing  resolution  less  than  1  ns24  (see  Section  14.8). 

14.6  DETECTION  OF  FAST  NEUTRONS  USING 
THRESHOLD  ACTIVATION  REACTIONS 

Detection  of  fast  neutrons  by  threshold  activation  reactions  (or  threshold  detectors)  is 
based  on  the  existence  of  an  energy  threshold  for  certain  reactions  of  neutrons  with  nuclei. 
Thus,  if  one  activates  a  foil  made  of  such  nuclei,  the  activity  of  the  foil  will  give  a  measure 
of  the  neutron  flux  above  the  threshold.  Consider,  for  example,  the  (n,  a)  and  (n,  2 n)  cross 
sections  of  27A1  and  46Ti  shown  in  Figure  14.18.  If  Al  and  Ti  foils  are  irradiated,  the  activ¬ 
ity  produced  (activity  of  24Na  and  45Ti)  will  be  a  measure  of  the  neutron  flux  above  ~5  and 
~13  MeV,  respectively. 

The  main  advantages  of  this  technique,  over  the  use  of  other  spectrometers,  are  as 
follows: 

1.  The  foils  have  a  small  volume  and  a  low  cross  section;  therefore,  they  do  not  disturb 
the  neutron  field. 

2.  The  foils  are  practically  insensitive  to  gammas. 
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FIGURE  14.16  Pulse-height  distribution  and  unfolded  neutron  spectrum  obtained  with  a 
46-mm  x  465-mm  diameter  NE  213  organic  scintillator.  (From  Burrus,  W.  R.  and  Verbinski,  V.  V.,  Nucl. 
Instrum.  Meth.  67:181;1969.  With  permission.) 


FIGURE  14.17  Rise  time  spectrum  of  gamma- 
ray  and  neutron  events  recorded  by  an  NE 
213  organic  scintillator.  (From  Johnson,  R.  FI. 
et  al.,  Nucl.  Instrum.  Meth.  145:337;1977.  With 
permission.) 


3.  Their  small  size  makes  the  location  of  foils  possible  in  places  where 
no  other  spectrometer  would  fit. 

4.  The  counting  equipment  does  not  have  to  be  carried  to  the  radia¬ 
tion  area. 

As  shown  in  Section  14.4,  the  saturation  activity  As  of  a  foil  is  given  by 


A  =  N,  J  a(E)§(E)dE 

Eth 


(14.36) 


where  N,  o(E),  and  (|)(£)  have  been  defined  in  Section  14.4  and  Eth 
is  the  energy  threshold  for  the  cross  section  o(E).  Table  14.4  gives  a 
partial  list  of  the  many  reactions  one  can  use  to  cover  a  given  neu¬ 
tron  energy  range.  In  general,  reactions  are  selected  according  to  the 
energy  range  of  the  neutron  spectrum  and  the  counting  equipment 
available.  There  are,  however,  criteria  that  make  certain  reactions  and 
certain  foils  more  desirable  than  others: 


www.Ebook777.com 


Neutron  Detection  and  Spectroscopy  433 


FIGURE  14.18  The  ( n ,  a)  and  (n,  2 n)  cross  sections  for  27AI  and  46Ti. 


TABLE  14.4 

A  List  of  Threshold  Reactions 


Material 

Reaction 

Threshold  (MeV) 

Half-Life  of  Product 

Teflon 

,9F(n,  2n)18F 

11.6 

109.7  min 

Li 

7Li(n,  an')3H 

3.8 

— 

Mg 

24Mg(n,  p)24Na 

6 

15  h 

Al 

27AI(n,  a)24Na 

4.9 

15  h 

Al 

27AI(n,p)27Mg 

3.8 

9.45  min 

Ti 

46Ti(n,  p)46Sc 

5.5 

83.3  days 

Ti 

47Ti(n,  p)47Sc 

2.1 

3.41  days 

Ti 

48Ti(n,  p)48Sc 

6.8 

43.7  h 

Fe 

56Fe(n,p)56Mn 

4.9 

2.58  h 

Fe 

54Fe(n,p)54Mn 

2.2 

312.5  days 

Co 

59Co(n,  a)56Mn 

5.2 

2.58  h 

Ni 

58Ni(n,  2n)57Ni 

13 

36  h 

Ni 

58Ni(n,p)58Co 

2.9 

71.3  days 

Cu 

63Cu(n,  2n)62Cu 

11.9 

9.8  min 

Cu 

63Cu(n,  a)60Co 

6.1 

5.27  years 

Zn 

MZn(n,  p)64Cu 

2 

12.7  h 

1 

127l(n,  2n)126l 

9.3 

1 3  days 

Au 

,97Au(n,  2rr)196Au 

8.6 

6.1 7  days 

Np 

237Np(n,  fission)140Baa 

0.5 

1 2.8  days 

U 

238U(n,  fission)M0Baa 

1.45 

1 2.8  days 

a  Various  fission  products  are  available  for  counting,  for  example,  95Zn,  103Ru,  140La. 
140Ba  is  shown  as  typical. 


1.  The  cross  section  for  the  reaction  should  be  well  known  as  a  function  of  energy. 

2.  The  type,  energy,  and  relative  intensity  of  the  radiations  of  the  product  of  the  reac¬ 
tion  should  be  well  known. 

3.  The  half-life  of  the  radionuclide  produced  should  be  well  known  and  should  be  at 
least  several  minutes  long. 

4.  The  foil  material  should  be  available  in  high  purity,  to  avoid  interference  reactions 
caused  by  impurities. 
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To  determine  the  neutron  flux  as  a  function  of  energy  by  the  threshold  reaction  technique, 
one  irradiates  n  foils  and  obtains  n  equations  for  the  saturation  activity  per  target  nucleus* 

4  =  Ni  J  (5i{E)if{E)dE  |  i  =  1  ,n  (14.37) 

Eth.i 


Note  that  the  activity  At  is  not  the  total  activity  of  the  foil  but  only  the  activity  due 
to  the  reaction  associated  with  the  cross  section  a;(£).  For  example,  if  one  irradiates  an 
aluminum  foil,  the  total  activity  will  be  the  result  of  the  («,  a)  and  (n,p)  reactions  listed  in 
Table  14.4  and  the  ( n ,  y)  reaction  that  will  also  occur.  If  the  user  intends  to  examine  the  ( n , 
p)  reaction,  the  activity  that  should  be  used  in  Equation  14.41  is  that  of  27Mg.  Activity  due 
to  24Na  [from  the  («,  a)  reaction]  and  28A1  [from  the  (n,  y)  reaction]  should  be  disregarded. 

It  is  advantageous,  but  not  necessary,  to  choose  reactions  that  result  in  the  same  type 
of  radiation  being  emitted  by  all  the  foils  used.  Then  the  same  counting  equipment  can 
be  used  with  all  the  foils.  The  most  common  choice  is  gammas,  and  the  detector  is  a  Ge 
spectrometer. 


r 


4 


EXAMPLE  14.5 

Consider  two  foils  made  of  materials  with  neutron  absorption  cross  sections  as  shown 
below: 


1.75  MeV 


The  foils  were  exposed  to  a  fast-neutron  flux  for  2  h.  The  half-life  of  the  radioisotope 
produced  by  the  first  foil  is  10  min,  and  by  the  second  is  5  h. 

a.  Write  the  activation  equations  and  sketch  activity  produced  versus  irradiation 
time  for  both  foils. 

b.  What  information  about  the  neutron  spectrum  can  one  obtain  from  this 
measurement? 

Answer 

The  activation  equation  is 


4(f)  =  N,oM  1  -  e~lit)  =  4a,, /(I  -  eu ) 


If  saturation  activity  cannot  be  obtained  because  of  long  half-life,  an  appropriate  time-correction  factor  is 
used. 
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The  saturation  activity  is  an  integral  over  the  neutron  spectrum  (Equation  14.36): 


Am,  =  N,  J  Oi( E)mdE ,  Am2  =  Ni  J  o2(£)(|>(f)d£ 

0.5  1.75 


Since  the  cross  sections  are  constants, 


Am,  =  Nib,  J  W)dE,  Aa.a  =  N2a2  J  #E)dE 

0.5  1.75 


These  expressions  show  that  (a)  from  foil  1,  one  can  get  the  number  of  neutrons 
above  0.5  MeV,  and  (b)  from  foil  2,  one  can  get  the  number  of  neutrons  above  1 .75  MeV. 
Subtracting  the  two  activities  gives  information  about  the  number  of  neutrons  between 
0.5  and  1.75  MeV. 

V _ > 


The  calculation  of  <f>(£)  based  on  Equation  14.37  is  another  case  of  unfolding.  Usually  the 
flux  is  expressed  in  terms  of  a  number  of  energy  groups  G.  If  G  <  n,  unfolding  of  Equation 
14.37  is  a  simple  case  of  least-squares  fit.  Unfortunately,  in  most  cases  of  practical  interest, 
G>  n,  and  the  only  way  to  obtain  ())(£)  is  to  assume  a  certain  a  priori  form  for  it  and  then 
try  to  improve  upon  this  initial  guess.  The  result  depends  on  the  choice  of  the  input  spec¬ 
trum,  the  set  of  threshold  reactions  chosen,  the  errors  of  the  measured  activities,  and  the 
uncertainties  of  the  cross  sections  involved.  The  several  unfolding  codes  that  are  used  dif¬ 
fer  mainly  in  the  choice  of  the  input  spectrum.  Descriptions  of  four  such  codes  SAND-II,33 
SPECTRA,34  relative  deviation  minimization  method  (RDMM),35  and  LSL-M236  have  been 
published. 

More  recent  evaluations  of  unfolding  codes  have  appeared.  These  include  a  neutron 
spectrum  unfolding,37  estimating  the  uncertainty  in  unfolding,38  comparing  different 
unfolding  codes,39  measurement  and  unfolding  neutron  spectra  using  Bonner  spheres,40 
and  unfolding  neutron  energy  spectra  from  foil  activation  detector  measurements  with  the 
gold  algorithm.41 
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14.7  NEUTRON  ENERGY  MEASUREMENT  WITH  A 
CRYSTAL  SPECTROMETER 

The  measurement  of  neutron  energy  with  a  crystal  spectrometer  is  based  on  the  Bragg  dif¬ 
fraction  principle. 

A  neutron  with  kinetic  energy  E  has  a  de  Broglie  wavelength  equal  to 


X  = 


V 

<PJ 


0.028602  0.28602  ° 

—  nm  =  .  A 

ylE(eV)  V£(eV) 


(14.38) 


where  h  =  Planck’s  constant  and  p  =  Mx>  =  sj2ME  =  linear  momentum  of  the  neutron  . 

Neutrons  with  wavelength  X  incident  upon  a  crystal  with  interplanar  distance  d  are 
scattered  by  the  atoms  of  the  crystal.  As  a  result  of  constructive  interference,  a  diffracted 
neutron  beam  appears  at  an  angle  0  satisfying  the  Bragg  condition  (Figure  14.19): 

rik  =  2c/ sin  0  (14.39) 


where  n  is  the  order  of  diffraction.  If  the  incident  beam  is  polyenergetic,  the  neutron  detec¬ 
tor  set  at  an  angle  0  will  detect  neutrons  of  wavelength  X  satisfying  Equation  14.39,  that  is, 
neutrons  having  kinetic  energy  E  related  to  X  by 


£(eV) 


8.191  x  10"4 
£2(nm)2 


(14.40) 


Neutron  crystal  spectrometers  are  used  either  to  analyze  a  polyenergetic  neutron 
source  or,  more  frequently,  to  provide  a  source  of  monoenergetic  neutrons.  Considering 
again  Figure  14.19,  even  though  the  incident  beam  may  consist  of  neutrons  of  many  ener¬ 
gies,  the  neutrons  diffracted  at  an  angle  0  constitute  a  monoenergetic  neutron  beam  of 
energy  given  by  Equation  14.40. 

Monoenergetic  neutron  sources  at  the  energy  range  provided  by  crystal  spectrometers 
are  necessary  for  the  study  of  low-energy  neutron  cross  sections  with  resonances.  Consider, 
as  an  example,  the  total  neutron  cross  section  of  iridium  shown  in  Figure  14.20.  To  be  able 
to  measure  the  resonances  of  this  cross  section,  one  needs  neutron  energy  resolution  less 


FIGURE  14.19  The  arrangement  of  a  neutron  diffraction  spectrometer. 
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than  0.1  eV,  resolution  that  can  be  achieved  only  with  crystal 
spectrometers42,43  or  TOF  measurements  (see  Section  14.8). 

The  resolving  power  of  a  neutron  crystal  spectrometer  is 
given  (based  on  Equations  14.38  and  14.39)  by 


E 
A E 


tan0 


nk 


2AX  2A0  4(A  Q)dy[E 


1- 


n2k2 

4d2E 


\ -1/2 


(14.41) 


where  k  =  0.028602,  the  constant  of  Equation  14.38.  This  func¬ 
tion,  as  well  as  its  inverse  (which  is  the  energy  resolution),  is 
shown  in  Figure  14.21,  assuming  d  =  0.2  nm,  A0  =  0.3°,  and 
n  =  1.  One  can  improve  the  resolution,  as  in  the  use  of  x-ray 
spectrometers,  by  decreasing  A0  and  choosing  a  crystal  with 
short  interatomic  distances.  Using  a  beryllium  crystal  with 
d  =  0.0732  nm  and  A0  =  7.8  min,  a  resolution  of  2%  at  1  eV  has 
been  achieved.43 

The  energy  range  over  which  the  crystal  spectrometer 
can  be  used  is  determined  from  the  Bragg  condition  (Equation 
14.39)  and  the  requirement  that  0  <  sin  0  <  1.  Using  Equations 
14.38  and  14.39,  one  obtains  for  first-order  reflection 


FIGURE  14.20  The  total  neutron  cross  section  of  iridium. 
(From  Sawyer,  R.  B.  et  al.,  Phys.  Rev.,  72:109;  1947.  With 
permission.) 


sin0„ 


0.028602 

2^E(eV)d(nm) 


<  1 


(14.42) 


which  shows  that  the  energy  range  is  a  function  of  the  crystal 
(interplanar  distance  d)  and  the  minimum  observable  angle  0mln. 
If  one  assumes  d  =  0.2  nm  (LiF  crystal)  and  0min  =  0.5°,  the  energy 
range  becomes  0.005  <E  <67  eV.  Both  energy  limits  increase  if 
a  crystal  with  smaller  interplanar  distance  d  is  used.  In  practice, 
the  upper  limit  is  determined  by  the  energy  resolution  that  is 
acceptable  for  the  experiment.  As  Figure  14.21  shows,  the  resolu¬ 
tion  deteriorates  rather  rapidly  as  energy  increases.  Neutron  crys¬ 
tal  spectrometers  are  generally  used  for  E  <  100  eV.  Crystals  that 
have  been  used  include  LiF,  calcite,  mica,  beryllium,  and  copper. 


Neutron  energy,  eV 


FIGURE  14.21  Resolving  power  and  energy 
resolution  of  a  neutron  crystal  spectrometer 
(n  =  1,  d=  0.2  nm,  A0  =  0.3°). 


14.8  TIME-OF  FLIGHT  (TOF)  METHOD 

The  TOF  method  determines  the  neutron  energy  with  a  resolution  that  is  better  than  with 
any  other  detector.  The  principle  of  neutron  TOF  is  the  same  as  for  heavy  ions  (see  Section 
13.6).  As  was  pointed  out  in  Section  13.6,  by  using  the  TOF  technique,  the  particle  energy 
can  be  measured  extremely  accurately  if  the  mass  of  the  particle  is  known.  The  mass  of  the 
neutron  is  known  (to  within  3  keV),  and  energy  resolution  as  good  as  0.1%  has  been  achieved. 


Better  resolution  would  be  obtained  with  higher-order  reflections  ( n  >  1),  but  unfortunately,  the  intensity  is 
much  lower  for  n>  1. 
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In  a  TOF  measurement,  one  determines  the  speed  of  the  neutron  x>  from  the  time  t  it 
takes  to  travel  a  flight  path  of  length!,.  The  kinetic  energy  of  the  neutron  is  given  by 


E  =  Me 2 


-1 


=  Me 


Vl  -  L2/c2t 2 


-1 


(14.43) 


where  Me2  =  939.552  MeV  =  rest  mass  energy  of  the  neutron. 
The  nonrelativistic  equation  is  the  familiar  one, 


1  1  r 

£nr  =  -Mv2  =  -M^r 


(14.44) 


Which  equation  should  be  used  depends  on  the  energy  range  measured  and  the  resolu¬ 
tion  of  the  experiment.  At  1  MeV,  the  nonrelativistic  equation,  Equation  14.48,  introduces 
an  error  of  0.16%. 

The  energy  resolution  is,  using  Equations  14.43  and  14.44, 

Relativistic: 


A E  _  E  +  Me 2  [32  If  ALY  fAf 
E  ~  E  l-p’VUJ  +U 

Nonrelativistic: 


E 

In  neutron  TOF  experiments,  the  neutron  source  is  a  burst  of  neutrons  generated 
either  by  a  velocity  selector  (chopper)  or  by  an  ion  beam,  as  explained  later  in  this  section. 
The  TOF  t  is  the  difference  between  the  time  of  production  of  the  neutron  burst  and  the 
time  of  neutron  detection. 

The  uncertainty  At  consists  of  three  parts: 

1.  A ts  is  the  uncertainty  in  the  time  of  neutron  emission;  it  is  essentially  equal  to  the 
width  of  the  neutron  burst  and  ranges  from  a  few  hundred  nanoseconds  to  less  than 
a  hundred  picoseconds. 

2.  A td  is  the  uncertainty  in  the  time  of  neutron  detection;  it  depends  on  the  pulse  rise 
time,  since  it  is  the  pulse  rise  time  that  signals  the  time  of  detection.  Neutron  detec¬ 
tors  used  today  have  a  pulse  rise  time  equal  to  5  ns  or  less.44 

3.  A tm  is  the  uncertainty  in  neutron  slowing-down  time  if  the  source  is  surrounded  by 
a  moderator. 


(14.46) 


The  uncertainty  A L  is  due  to  the  finite  thicknesses  of  the  neutron-producing  target  and 
the  neutron  detector.  The  uncertainty  in  the  measurement  of  L  itself  can  be  made  negli¬ 
gible.  The  longer  the  flight  path  is,  the  smaller  the  uncertainty  ALIL  becomes.  As  the  length 
L  increases,  however,  the  intensity  of  the  source  should  increase,  and  by  a  greater  factor,  in 
order  for  the  counting  rate  in  the  detector  to  stay  the  same. 


www.Ebook777.com 


Neutron  Detection  and  Spectroscopy  439 


It  is  customary  to  use  the  quantity  t/L  as  a  figure  of  merit  for  TOF  experi¬ 
ments.  From  Equations  14.43  and  14.44,  one  obtains 


ft }  1 

(  Me 2 

2~ 

—  =  - 

1  ~ 

V  7  Ael  c 

{E  +  Me1 ) 

(14.47) 


fi)  _  1  [m? 
Ljm  ~  c\  2E 


(14.48) 


TABLE  14.5 

Typical  Values  of  t/L  for  Several 
Neutron  Energies 


E(eV) 

t/L  (us/m) 

£  (MeV) 

t/L  (ns/m) 

0.01 

722 

0.1 

228 

0.1 

228.5 

1 

72.3 

1 

72.2 

2 

51.2 

10 

22.8 

5 

32.4 

100 

7.2 

10 

23 

1000 

2.3 

20 

16 

Table  14.5  gives  typical  tIL  values. 

The  requirements  for  slow-neutron  TOF  experiments  fall  in  the  ps/m  range,  and  those 
of  fast  neutrons  in  the  ns/m  range.  Because  of  this  large  difference  in  timing  requirements, 
it  is  impossible  to  span  the  whole  neutron  energy  range  (eV  to  MeV)  with  the  same  TOF 
spectrometer. 

The  change  of  resolution  with  neutron  energy  is  the  same  for  TOF  and  crystal  spec¬ 
trometers.  In  both  systems,  the  energy  spread  A E  changes,  essentially,  as  Em  (compare 
Equations  14.41  and  14.46): 


2£—  =  2£— — 
t  t  L 


Ev 


£3/2 


14.8.1  Neutron  Velocity  Selector  (Neutron  Chopper) 

The  first  velocity  selector  was  designed  by  Fermi  and  his  coworkers  in  the  1940s  and  is 
now  known  as  the  Fermi  chopper.45  The  Fermi  chopper  consisted  of  a  multiple  sandwich 
of  aluminum  and  cadmium  foils  that  fit  tightly  into  a  steel  cylinder  about  38  mm  (1.5  in.) 
in  diameter  (Figure  14.22).  The  cylinder  was  rotated  at  speeds  of  up  to  15,000  r/min,  thus 
allowing  only  bursts  of  neutrons  to  go  through  the  aluminum  channels.  Based  on  the  geom¬ 
etry  of  Figure  14.22,  no  neutrons  from  a  parallel  beam  would  go  through  the  channel  when 
the  chopper  was  more  than  A0/2  degrees  from  its  fully  open  position  (Figure  14.23),  where 
A0  =  (width  of  channel)/(radius  of  cylinder).  The  spinning  cylinder  was  viewed  with  two 


www.Ebook777.com 


440  Measurement  and  Detection  of  Radiation 


(a)  (b) 


FIGURE  14.23  (a)  The  channel  is  fully  open,  (b)  the  chopper  has  rotated  by  A0/2,  and  the  channel 

is  closed. 

photocells,  one  giving  a  direct  measure  of  the  rotation  and  the  other  sending  to  the  neutron 
detector  a  signal  used  for  the  measurement  of  the  TOF  of  the  transmitted  neutrons. 

Fermi’s  chopper  was  a  “slow”  chopper,  the  word  slow  referring  to  the  speed  of  the  neu¬ 
trons,  and  was  used  for  neutrons  up  to  1  eV.  Fast  choppers  have  also  been  developed  for  use 
with  neutron  energy  up  to  the  keV  range,46-48  with  the  rotating  cylinders  of  the  chopper 
having  different  design,  depending  on  the  requirements  of  the  measurement. 

The  most  important  characteristic  of  any  chopper  is  the  width  of  the  neutron  burst. 
In  all  choppers,  the  shape  of  the  pulse  is  essentially  triangular  with  the  base  of  the  tri¬ 
angle  being  inversely  proportional  to  the  rotating  speed  of  the  shutter.  The  shape  of  the 
pulse  changes  slightly  with  the  neutron  speed  and  the  shape  of  the  channel.  The  width 
of  the  channel,  which  also  affects  the  pulse,  is  a  compromise  between  acceptable  time 
resolution  and  adequate  counting  rate.  Using  choppers,  neutron  bursts  with  widths  as 
low  as  0.5  |as  have  been  achieved.44  The  time  resolution  due  to  such  a  width  is  adequate 
for  energies  up  to  10  keV.  At  higher  energies,  ion  beams  from  accelerators  are  used  to 
provide  the  neutron  burst. 

14.8.2  Pulsed-Ion  Beams 

Narrow  and  intense  bursts  of  neutrons  for  TOF  experiments  are  obtained  by  using  ion 
beams.  The  ions  are  accelerated,  strike  a  target,  and  produce  neutrons  through  a  (charged 
particle,  «)-type  reaction.  Examples  of  such  reactions  are 

2H(i i,n),  3H(p,n),7Li(Piyi),9Be(p,n),  9Be(a ,«),  uC(d,n),  and  13C(a,«) 


Neutrons  produced  by  these  reactions  are  in  the  MeV  range. 

The  first  accelerator  to  be  used  for  neutron  production  was  the  cyclotron.49  Since  that 
time,  other  types  of  accelerators  have  been  utilized  in  TOF  experiments50-53  such  as  elec¬ 
tron  linear  accelerators;  the  Los  Alamos  Meson  Physics  Facility  (LAMPF),  which  accelerates 
protons  to  800  MeV54,55;  and  the  ORELA  facility  at  Oak  Ridge,  Tennessee.56  The  width  of 
neutron  bursts  produced  by  accelerators  can  be  lower  than  100  ps.57,58  If  the  burst  becomes 
as  narrow  as  ~50  ps,  the  resolution  is  limited  by  the  time  response  of  the  neutron  detector. 
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Volume  sensitive  to 
neutrons  +  gammas 


FIGURE  14.24  A  compensated  ion  chamber. 

14.9  COMPENSATED  ION  CHAMBERS 

Neutron  detectors  located  close  to  a  reactor  core  are  subjected  to  both  neutron  and  gamma 
bombardment.  Although  a  neutron  detector — for  example,  a  10B  detector — is  mainly  sensi¬ 
tive  to  neutrons,  it  responds  to  gammas  too.  At  low  reactor  power,  when  the  neutron  flux  is 
small,  the  neutron  signal  is  overshadowed  by  a  signal  due  to  gammas  emitted  from  fission 
products  that  had  been  accumulated  from  earlier  reactor  operation.  To  eliminate  the  effect 
of  the  gammas,  a  compensated  ion  chamber  is  used. 

Compensated  ion  chambers  operate  in  such  a  way  that  the  gamma  signal  is  subtracted 
from  the  total  (n  +  y)  signal  and  the  output  is  proportional  to  the  neutrons  signal  only.  Figure 
14.24  shows  the  basic  principle  of  a  compensated  ion  chamber.  The  detector  consists  of  two 
compartments.  One,  coated  with  boron,  is  sensitive  to  both  neutrons  and  gammas  and  pro¬ 
duces  a  signal  proportional  to  the  total  radiation  field.  The  other  is  sensitive  to  gammas  only 
and  produces  a  signal  proportional  to  y  radiation  only.  As  Figure  14.24  shows,  the  circuitry  is 
such  that  the  y  signal  is  subtracted  from  the  (y+  n)  signal,  thus  giving  a  signal  proportional 
to  the  neutron  field  only.  The  signal,  in  the  form  of  a  current,  is  measured  by  a  picoammeter. 

Correct  compensation  is  achieved  when  the  signal  is  zero  in  a  pure  gamma  field.  This 
is  accomplished  by  using  the  proper  combination  of  volumes  for  the  two  compartments 
or  by  changing  the  voltages  or  by  a  combination  of  voltage  and  volume  change.  Typical 
compensation  voltages  {Vc)  are  of  the  order  of -25  V;  the  positive  voltage  V  is  of  the  order 
of  +800  V.  Without  compensation,  a  detector  of  this  type  has  a  useful  range  from  2  x  108 
to  2  x  104  neutrons/(m2  •  s).  With  compensation,  the  useful  range  is  extended  downward  by 
about  two  orders  of  magnitude.  The  sensitivity  of  compensated  ion  chambers  is  of  the  order 
of  ICh18  A/[neutrons/(m2-  s)]. 

14.10  SELF-POWERED  NEUTRON  DETECTORS 

Self-powered  detectors,  as  their  name  implies,  operate  without  an  externally  applied  volt¬ 
age.  The  incident  radiation  (neutrons  or  gammas  or  both)  generates  a  signal  in  the  form 
of  a  current  proportional  to  the  bombarding  flux.  The  detectors  are  usually  constructed 
in  coaxial  configuration  (Figure  14.25).  The  central  conductor  is  called  the  emitter  and  is 
the  material  responsible  for  the  generation  of  the  signal.  The  outer  conductor,  called  the 
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FIGURE  14.25  Configuration  of  a  self-powered  detector. 

collector,  is  separated  from  the  emitter  by  an  insulator.  The  collector  is  made  of  inconel 
alloy,  and  has  the  form  of  a  metallic  sheath  encasing  the  insulator  and  the  emitter. 

The  principle  of  signal  generation  in  a  self-powered  detector  is  simple.  As  a  result  of 
bombardment  by  neutrons,  the  emitter  transformed  into  a  radioisotope  and  releases  elec¬ 
trons  (betas)  that  escape  to  the  insulator  and  leave  the  emitter  positively  charged.  If  the  emit¬ 
ter  is  connected  to  the  collector  through  a  resistor  (Figure  14.25),  current  flows,  which,  when 
measured,  gives  an  estimate  of  the  incident  flux.  Note  that  this  is  not  an  emitter-collector 
system:  any  beta  particle  escaping  from  the  emitter  contributes  to  the  current,  regardless  of 
whether  or  not  it  reaches  the  collector. 

Because  self-powered  detectors  have  been  developed  for  use  inside  the  core  of  power 
reactors,  they  are  designed  to  have  small  size  (a  few  millimeters  in  diameter),  to  be  able  to 
operate  for  rather  long  periods  of  time  (years)  in  the  intense  radiation  field  of  the  reactor 
core  without  appreciable  deterioration  in  performance,  and  finally,  to  operate  without  an 
external  power  supply. 

The  performance  of  a  self-powered  detector  is  given  in  terms  of  its  sensitivity  S, 
defined  by 


S(t ) 


a m 

A(|) 


(14.49) 


where  1(f)  =  detector  current  after  exposure  to  the  flux  c|)  for  time  t. 

Thus,  the  sensitivity  represents  the  change  in  detector  current  per  unit  change  in  the  flux. 
Many  materials  have  been  considered  as  emitters  for  self-powered  detectors.60-63  The 
ideal  emitter  should  be  such  that  the  detector  has 

1.  High  sensitivity 

2.  Low  burnup  rate 

3.  Prompt  response 

4.  Sensitivity  to  neutrons  only 
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The  material  properties  that  determine  these  characteristics  are  discussed  in  Sections 
14.10.1  and  14.10.2,  after  the  equations  for  the  detector  current  and  sensitivity  are  derived. 

The  properties  of  the  insulator  are  also  important.  The  insulator  must  have  a  resis¬ 
tance  of  about  1012  ohms  at  room  temperature  and  109  ohms  at  reactor  operating  tempera¬ 
ture.  The  two  insulators  commonly  used  are  magnesium  oxide  (MgO)  and  aluminum  oxide 
(A1203).  Experiments  have  shown64  that  the  resistance  of  MgO  decreases  with  exposure  to 
radiation,  while  that  of  A1203  does  not  change.  For  this  reason,  A1203  is  preferred  over  MgO 
as  an  insulator  for  self-powered  detectors. 

The  SPNDs  are  divided  into  those  with  delayed  response  and  those  with  prompt 
response.  The  characteristics  of  these  types  of  self-powered  detectors  are  presented  in 
Sections  14.10.1  and  14.10.2. 


14.10.1  SPNDs  with  Delayed  Response 

Rhodium,  vanadium,  cobalt,  and  molybdenum  have  been  used  as  emitters  for  SPNDs.  Since 
rhodium  SPNDs  are  the  main  in-core  instruments  for  the  determination  of  power  distribu¬ 
tion  in  pressurized-water  reactors  (PWR),  they  are  discussed  first  and  in  greater  detail  than 
the  others. 

The  signal  of  rhodium  SPNDs  is  produced  as  a  result  of  activation  of  the  emitter  (103Rh) 
by  the  incident  neutrons,  and  subsequent  decay  of  the  isotope  104Rh  that  is  produced.  The 
decay  scheme  of  104Rh  is  shown  in  Figure  14.26.  An  isomeric  state  with  a  4.4-min  half-life 
is  produced  with  a  12  b  cross  section.  The  ground  state  of  104Rh  has  a  43  s  half-life  and 
is  formed  with  a  cross  section  of  138  b  (with  thermal  neutrons).  It  decays  to  104Pd  with  a 
maximum  (3'  energy  of  2.5  MeV.  This  decay,  which  takes  place  98.5%  of  the  time,  is  primar¬ 
ily  responsible  for  the  signal  of  the  rhodium  detector.  The  isomeric  state  with  the  4.4-min 
half-life  contributes  very  little  to  the  signal,  but  is  responsible  for  a  residual  current  after 
reactor  shutdown. 

To  identify  the  factors  that  improve  sensitivity  of  the  detector  and  lengthen  its  life,  one 
should  look  at  the  processes  responsible  for  the  generation  of  the  detector  signal.  This  is 
done  below,  and  equations  for  current  and  sensitivity  are  derived  for  any  emitter  material. 

Consider  an  emitter  with  an  average  neutron  absorption  cross  section  a  exposed  to  a 
total  neutron  flux  (f»,  and  upon  absorption  of  a  neutron  becoming  radioactive  with  a  half-life 


0.556 

o 


FIGURE  14.26  The  decay  scheme  of  104Rh.  (From  Flawer,  J.  M.,  and  Beckerley,  J.  G.,  TID-25952-P1, 
vol.  1, 1973.  With  permission.) 
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T  [or  decay  constant  X  =  (In  2 )/T],  The  number  of  radioactive  atoms  N{t)  present  after  expo¬ 
sure  for  time  t  is  (see  Equation  14.16) 


N(t)  =  sa^N°  ( e -  e~u) 
X  -  aa([> 


(14.50) 


where 

N0  =  number  of  emitter  atoms  at  t  =  0 
Ga  =  absorption  cross  section  of  emitter 

ae  =  cross  section  that  leads  to  the  state  that  contributes  to  the  signal 
s  =  self-shielding  factor  (s  <  1) 


The  self-shielding  factor  s  corrects  for  the  fact  that  the  target  (emitter)  is  thick,  as  a 
result  of  which  the  flux  in  the  emitter  is  depressed.  Thus,  interior  atoms  are  “shielded” 
from  exposure  to  the  full  flux  by  the  atoms  close  to  the  surface.  The 
shielding  factor  is  less  than  1  and  decreases  as  the  diameter  of  the  emit¬ 
ter  increases  (see  Figure  14.27).  If  every  decay  of  the  radioisotope  releases 
a  particle  with  charge  q,  the  current  at  time  t  is  equal  to 


/(f)  =  kqN(t)X  =  kq 


SCetyNp 

1  -  Oaty/X 


(e 


-SOatyt 


-  e~u) 


(14.51) 


Emitter  diameter,  mm 


FIGURE  14.27  The  self-shielding  factors 
for  rhodium  detectors  with  10-mil  (0.254- 
mm)  thick  MgO  insulator.  (From  Flawer,  J. 
M.  and  Beckerley,  J.  G.,  TID-25952-P1,  vol.  1, 
1973.) 


where  k  is  a  constant  that  takes  into  account  effects  such  as  self- absorption 
of  betas  in  the  emitter  or  loss  of  betas  in  the  insulator  (see  Figure  14.27).  The 
factor  Gaty/X  in  the  denominator  can  be  ignored  because,  for  all  emitters  of 
interest,  Ga§/X  «;  1.  The  exponential  factors  of  Equation  14.51  have  the  fol¬ 
lowing  meaning. 

The  factor  exp(-4.f)  gives  the  response  of  the  detectors.  If  the  flux 
undergoes  a  step  increase,  as  shown  in  Figure  14.28,  the  signal  will  rise 
exponentially  to  its  saturated  value.  If  the  flux  goes  down  suddenly,  the  sig¬ 
nal  will  decay  again  exponentially.  The  speed  of  response  is  determined 
by  the  half-life  of  the  isotope  involved.  Rhodium,  with  a  half-life  of  42  s, 
reaches  saturation  after  about  5  min.  Vanadium  (52V),  with  a  half-life  equal 
to  3.76  min,  reaches  saturation  after  about  25  min. 

The  factor  (sg  a§t)  gives  the  burnup  rate  of  the  emitter.  It  is  the  factor  that  determines 
the  lifetime  of  the  detector,  because,  as  seen  below,  the  decrease  in  sensitivity  with  time  is 
essentially  given  by  this  same  factor. 

Assuming  saturation,  the  sensitivity  of  the  detector  is  given  (using  Equations  14.49  and 
14.51)  by 


response  of  Rh  and  V 
SPNDs  to  a  step  change  in 
neutron  flux. 


5(f)  =  =  ksGeN0q{l  -  sae([>f)e  A/[neutrons/(m2  ■  s)] 

A(f) 


(14.52) 


If  the  emitter  diameter  is  D,  its  length  is  L,  its  density  is  p,  and  its  atomic  weight  is  A, 
then  the  number  of  atoms  is  N0  =  (p7tD2/4)  (. LNJA ),  where  NA  is  Avogadro’s  number. 
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Substituting  into  Equation  14.52,  one  obtains  an  equation  for  the  sensitivity  per  unit 
length: 


m 

L 


ksqae  p 


rcE)  Na  ^  _  sa^^e  ro«‘t’t(A/m)/[neutrons/(m2-  s)] 
4  A 


(14.53) 


r 


EXAMPLE  14.6 

What  is  the  sensitivity  a  new  of  Rh  detector  0.5  mm  in  diameter,  per  unit  detector 
length,  under  saturation  conditions? 

Answer 

For  rhodium,  oe=  139  b,  cr,  =  150  b,  p  =  12.4  x  103  kg/m3,  A  =  103,  and  q  =  1.602  x  10-19  C. 
At  the  beginning  of  life  (t  =  0), 


5(0) 

L 


ks{ 1 .602  x  1 0“19  C)(1  39x1 0~28  m2)(1 2 .4  x  1 03  kg/m3) 


x  n- 


(5  x  10“4)2  m2 


6.022  x  102 


103 


atm/kg 


3.17  x  10  23  ks (A/m) /^neutrons/ (m2  •  s)J 


J 


Typical  values  of  ks  are  about  O.4.68  Since  the  flux  in  a  large  power  reactor  (1000  MWe) 
is  about  1017  neutrons/(m2-s)[1013  neutrons/(cm2  ■  s)]  at  full  power,  and  the  typical  detector 
has  a  length  of  about  0.10  m,  the  expected  current  is  of  the  order  of 

(0.8)(0.8  x  10~23)(A/m)/[neutrons/(m2-s)][1017neutrons/(m2-s)](0.1  m) 

=  1.92  x  10~7A  =  200  nA 


Equation  14.53  shows  that  to  achieve  high  sensitivity,  one  should  select  an  emitter  with 
high  cross  section  oc  and  large  diameter  D.  The  diameter  affects  the  sensitivity  through 
the  factor  D2  and  through  the  shielding  factors  k  and  s,  which  decrease’  as  the  diameter 
increases.  The  net  result  is  that  the  sensitivity  changes  roughly  as  the  first  power  of  the 
diameter.68 

A  high  cross  section  increases  the  sensitivity  but  also  increases  the  rate  at  which  the 
sensitivity  decreases  with  time.  Indeed,  from  Equation  14.53,  the  ratio  of  the  sensitivity 
after  exposure  for  time  t  to  its  value  at  time  t  =  0  is 


S(t) 

5(0) 


(1  -saM)e~saA‘ 


(14.54) 


The  factor  s  is  not  constant  over  prolonged  exposure.  It  tends  to  increase  as  the  emitter  burnup  continues 
because  a  smaller  number  of  emitter  atoms  is  left  for  self-shielding.61 
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TABLE  14.6 

Characteristics  of  Self-Powered  Detectors  with  0.5-mm  Emitter  Diameter 


Emitter 

Sensitivity  (A/m)/[2  x  1017 
Neutrons/(m2  s)] 

Burnupa/Year  (%)  for 
<])  =  2  x  1 017  Neutrons/(m2  s) 

Response 

Rh 

2.4  x  1 0~® 

5 

Delayed 

V 

1 .5  x  1 0-7 

0.3 

Delayed 

Co 

3.4  x  1 O'® 

2.3 

Prompt 

Mo 

1.7x10-® 

0.9 

Prompt 

Pt 

2.6  x  1 0-7 

0.2 

Prompt 

Source:  Balcar,  E.,  Bock,  H.,  and  Hahn,  F,  Nucl.  Instrum.  Meth.  1 53:429;  1 97862;  Hilborn,  J.  W.,  Nucleonics 
22(2):69;1964.59 
a  Burnup  =  1-exp(o0 


Table  14.6  gives  the  characteristics  of  several  self-powered  detectors.  Rhodium  detec¬ 
tors  have  the  best  sensitivity  but  also  the  largest  burnup  rate.  Their  change  of  sensitiv¬ 
ity  with  time  is  important  and  necessitates  a  correction  before  the  signal  is  used  for  the 
determination  of  power.  The  correction  is  not  trivial  because  of  changes  in  self-absorption 
effects  in  the  emitter,  and  may  introduce  errors  unless  the  detector  is  calibrated  properly. 

Despite  the  drawback  of  large  burnup,  rhodium  SPNDs  are  used  extensively  in  nuclear 
power  plants,  especially  in  PWRs  for  the  determination  of  power  distribution,  fuel  burnup, 
and  other  information  related  to  the  performance  of  the  core.  The  detectors  are  inserted 
into  a  certain  number  of  “instrumented”  fuel  assemblies  through  guide  tubes.  Every 
instrumented  assembly  has  seven  equally  spaced  SPNDs  (a  background  detector  and  a 
thermocouple  are  also  included  in  the  package;  see  Figure  14.29)  for  the  measurement  of 
the  flux  at  seven  axial  locations.  The  outputs  of  the  detectors,  corrected  for  background, 
are  transmitted  to  the  plant  computer,  where,  after  appropriate  corrections  are  applied, 
the  power,  fuel  burnup,  plutonium  production,  and  so  on,  are  calculated.  Every  PWR  has 
a  least  50  instrumented  assemblies,  which  means  that  the  flux  is  monitored  at  more  than 
350  locations. 


i-4 


& 


Thermocouple 
Background  detector 


SPNDs 


FIGURE  14.29  Each  detector  tube  contains  seven  SPNDs,  one  background  detector,  and  one 
thermocouple. 
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Collector 


14.10.2  SPNDs  with  Prompt  Response 

Neutron-sensitive  self-powered  detectors  with  prompt  response  operate  on  a  different  prin¬ 
ciple  than  rhodium  and  vanadium  SPNDs.  The  emitter,  in  this  case,  absorbs  a  neutron  and 
emits  gammas  at  the  time  of  capture.  It  is  these  capture  gammas  that  are  responsible  for 
the  signal,  and  since  they  are  only  emitted  at  the  time  of  the  neutron  capture,  the  detector 
response  is  instantaneous.  Cobalt  (59Co)  and  molybdenum  (95Mo)  are  two  elements  seri¬ 
ously  considered  as  emitters.  The  subsequent  discussion  is  based  on  cobalt,  but  the  pro¬ 
cesses  involved  in  the  signal  generation  are  the  same  for  molybdenum. 

Consider,  then,  a  cobalt  SPND 
(Figure  14.30).  Most  of  the  capture  gam¬ 
mas  traverse  the  emitter,  the  insulator, 
and  the  collector  without  an  interaction. 

Those  that  do  interact  produce  electrons 
through  the  photoelectric  or  Compton 
reactions.  As  these  fast  electrons  travel, 
they  produce  an  outward  flow  of  charge 
that  generates  a  current.  Because  rela¬ 
tively  few  gammas  interact,  the  sensitiv¬ 
ity  of  a  cobalt  detector  is  lower  than  that 
of  either  rhodium  or  vanadium  detec¬ 
tors  (see  Table  14.6). 

The  Co  detector  has  one  undesir¬ 
able  characteristic  due  to  the  product 
of  the  neutron  capture.  That  product  is 
60Co,  a  (Remitter  with  a  5.3-year  half- 
life.  The  betas  from  60Co  produce  a 

background  signal  that  builds  up  with  exposure.  A  way  to  suppress  this  background,  using 
platinum  shields,  has  been  reported  by  Goldstein  and  Todt.65 

More  recent  applications  of  SPND  include  the  performance  of  hafnium  and  gadolin¬ 
ium  SPNDs  in  the  TREAT  reactor,66  characterization  of  a  hybrid  SPND  under  neutron 
irradiation,67  a  novel  solid-state  SPND  that  expands  upon  the  basic  concept  of  coating  a  p-n 
junction  solar  cell  with  a  neutron  detection  layer  that  typically  employs  either  6Li  or  10B,68 
development  of  an  inconel  SPND  for  in-core  reactor  monitoring,69  and  the  development  of 
a  bismuth  self-powered  detector.70 


FIGURE  14.30  Production  of  electrons  by  capture  gammas  from  a  60Co  emitter. 


14.11  CONCLUDING  REMARKS 

Neutron  detection  is,  in  general,  more  complicated  and  more  difficult  than  the  detec¬ 
tion  of  either  charged  particles  or  photons  for  two  reasons.  First,  neutrons  have 
no  charge  and  can  only  be  detected  indirectly  through  photons  or  charged  parti¬ 
cles  that  they  generate  through  nuclear  reactions.  Second,  the  neutron  energy  range 
spans  at  least  10  decades  (10-3  eV  <  E  <  10s  eV),  over  which  the  type  and  cross  sec¬ 
tions  for  neutron  reactions  change  drastically.  Table  14.7  gives  a  summary  of  the  most 
common  methods  for  neutron  detection  and  spectrometry.  There  have  been  many 
advancements  in  neutron  detection  systems.  Quite  a  few  of  these  methodologies 
have  been  reported  in  Nuclear  Instruments  and  Methods  in  Physics  Research  Section 
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TABLE  14.7 

Summary  of  Neutron  Detectors  and  Their  Range  of  Application 

Measurement  of  Number 

Measurement  of  Energy 

Neutron  Energy 

of  Neutrons  Only 

and  Number  of  Neutrons 

0  <  E  <  1  keV 

BF3,  boron-coated,  SPND,TLD,a  6Li, 

Crystal  spectrometer 

3He  foil  activation 

Fission  track  detectors3 

time-of-flight 

1  keV <E<2  MeV 

BF3, 6Li  (both  with  low  efficiency) 

Proton  recoil  (proportional 
counters,  organic  scintillators) 

Foil  activation,  SPND 

Time-of-flight 

Bonner  ball3 

Threshold  reactions 

E>  1  MeV 

3  See  Chapter  16. 

Foil  activation 

Organic  scintillators 

Threshold  reactions 

Time-of-flight 

A  (http://www.journals.elsevier.com/nuclear-instruments-and-methods-in-physics- 
research-section-a-accelerators-spectrometers-detectors-and-associated-equipment/). 
Some  of  these  developments  include  the  following: 

1.  Characterization  of  boron-coated  vitreous  carbon  foam  for  neutron  detection71 

2.  Comparison  of  deuterated  and  normal  liquid  scintillators  for  fast-neutron  detection72 

3.  Neutron  detection  with  a  Nal  spectrometer  using  high-energy  photons73 

4.  Suppression  of  gamma-ray  sensitivity  of  liquid  scintillators  for  neutron  detection74 

5.  High-pressure  3He-Xe  gas  scintillators  for  simultaneous  detection  of  neutrons  and 
gamma  rays  over  a  large  energy  range75 

6.  Characterization  of  a  gas  electron  multiplier-based  fast-neutron  detector76 

7.  A  CdTe  detector  with  a  Gd  converter  for  thermal  neutron  detection77 

One  of  the  main  uses  of  3He  is  in  gas-filled  proportional  counters  for  neutron  detection 
because  of  its  large  cross  section.  The  increased  needs  for  many  neutron  detection  systems 
for  homeland  security  have  resulted  in  an  increased  demand  for  3He,  which  can  be  in  short 
supply.  Kouzes  et  al.78  have  given  an  excellent  overview  of  alternative  detection  systems  that 
do  not  rely  on  3He.  The  systems  described  include  BF3-filled  proportional  counters,  boron- 
lined  proportional  counters,  6Li-loaded  glass  fibers,  and  wavelength-shifting  fiber  coated 
with  scintillator  and  6Li. 
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PROBLEMS 

14.1  Prove  that  for  thermal  neutrons,  the  kinetic  energies  of  the  alpha  particle  and  the 
lithium  in  the  10B  (n,  a)7Li  reaction  are  given  by 

Ta  = - — - Q,  Tu  = - ^ - Q 

Ma  +  MLi  Ma  +  MLi 

14.2  If  the  neutron  energy  is  1  MeV,  what  is  the  maximum  energy  of  the  proton  in  the 
3H e(n,  p)3 H  reaction? 

14.3  Obtain  the  efficiency  curve  as  a  function  of  neutron  energy  for  a  1-in. -diameter 
proportional  counter  filled  with  3He  at  10  atm.  Assume  1  A)  cross  section  from  0.01 
to  1000  eV.  The  neutron  beam  is  perpendicular  to  the  counter  axis.  Compare  your 
result  with  that  of  Figure  14.3. 

14.4  Show  that  the  sensitivity  of  a  neutron  detector  (BF3  or  boron-lined  or  fission  cham¬ 
ber)  decreases  with  time  as  exp(-ca  c|)i). 

14.5  What  is  the  maximum  thickness  of  235U  coating  inside  a  fission  chamber  if  it  is 
required  that  a  60-MeV  fission  fragment  lose  no  more  than  10%  of  its  energy  as 
it  goes  through  the  uranium  deposit?  For  the  fission  fragment,  assume  Z  =  45, 
A  =  100. 

14.6  How  long  should  one  irradiate  an  115In  foil  (100  mm2  area,  1  mm  thick)  in  a  ther¬ 
mal  neutron  flux  of  1014  neutrons/(m2  •  s)  to  obtain  1  mCi  (3.7  x  107  Bq)  of  activity? 
(a  =  194  b,  p  =  7.3  x  103  kg/m3,  Tm  =  54  min.) 

14.7  An  aluminum  foil  is  left  in  a  reactor  for  15  s  in  a  flux  of  1016  neutrons/ (m2  ■  s).  What 
is  the  activity  produced?  (0  =  0.23  b,  Tm  =  2.3  min,  m  =  10'6  kg.) 

14.8  The  betas  from  the  A1  foil  of  Problem  14.7  were  counted  in  a  27t  detection  system 
with  8  =  0.95.  Counting  started  1  min  after  the  end  of  the  irradiation  and  stopped 
2  min  later.  If  the  background  is  20  counts/min,  how  many  counts  will  the  scaler 
record? 

14.9  A  1-mg  Eu  foil  was  irradiated  in  a  thermal  neutron  flux  of  2.5  x  1013  n/cm2  ■  s  for  10 
days.  What  are  the  activities  present  at  the  end  of  the  irradiation?  Give  your  result 
in  Bq  and  Ci.  Eu  has  two  natural  isotopes:  151Eu,  abundance  48%,  153Eu,  abundance 
52%.  Cross  sections  for  thermal  neutrons:  151Eu,  0  =  5900  b,  152Eu,  o  =  5000  b, 
tm  =  12.7  years,  153Eu,  0  =  320  b,  154Eu,  0  =  1400  b,  tm  =  16  years. 

14.10  A  1-g  foil  of  Mn  is  exposed  to  a  thermal  neutron  flux,  (a)  How  long  should  the  foil 
be  irradiated  in  order  to  produce  90%  of  the  maximum  possible  activity?  (b)  What 
is  the  neutron  flux  that  will  produce  maximum  activity  of  10  mCi?  (c)  What  activ¬ 
ity  will  be  produced  if  the  foil  is  irradiated  for  1.5  h  (neutron  flux  that  from  part  b)? 
For  Mn:  0  (55Mn)  =  14b,  tm  (56Mn)  =  2.6  h. 

14.11  A  1-g  Fe  foil  is  exposed  to  neutrons  in  a  nuclear  fission  reactor.  Consider  the  iso¬ 
tope  58Fe  only  with  an  abundance  of  0.31%  and  an  average  neutron  absorption  cross 
section  of  1.1  b.  (a)  How  long  should  the  foil  be  irradiated  in  order  to  produce  75% 
of  the  maximum  possible  activity?  (b)  What  is  the  neutron  flux  that  will  produce 
a  maximum  activity  of  0.5  mCi?  (c)  What  activity  will  be  produced  if  the  foil  is 
irradiated  for  30  h  (with  the  flux  from  part  b)? 
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14.12  Calculate  the  irradiation  time  needed  to  produce  198 Au  in  such  a  quantity  that  the 
gross  counting  rate  is  1000  counts/min  using  a  counter  with  Q  =  10-2,  8  =  0.90, 
and  F=  1.  The  background  is  100  counts/min.  It  takes  10  min  to  get  the  sample 
from  the  reactor,  place  it  under  the  counter,  and  start  counting,  [c(j  =  1016  neutrons/ 
(m2  •  s),  tV2  =  2.7  days,  O  =  99  b,  w(197Au)  =  10“9  kg]. 

14.13  In  a  light-water  reactor,  how  long  will  it  take  for  the  initial  amount  of  235U  to  be 
reduced  by  50%?  (<|>  =  1017  neutrons/(m2  ■  s),  Oa  =  670  b.) 

14.14  Prove  Equation  14.24.  Also  show  that  the  neutron  and  the  proton  directions  after 
collision  are  90°  apart  (0  +  (|>  =  90°,  Figure  14.8). 

14.15  Calculate  the  measured  neutron  spectrum  obtained  by  the  proton  recoil  method 
if  the  detector  response  is  a  8-function  and  the  source  spectrum  is  the  “square” 
function  shown  in  the  figure  below.  Assume  a(n,  p)  is  constant  for  the  range 
El<E<  E2. 

So 

S 

a 


0  El  E2  E 

14.16  Assuming  that  the  threshold-reaction  cross  sections  are  ideal  step  functions,  as 
shown  in  this  figure,  indicate  how  the  neutron  energy  spectrum  could  be  obtained. 
There  are  N  such  cross  sections  with  thresholds  at  E\i=1.N  and  Ei+i~Ei  =  E  =  con¬ 
stant  (see  figure  below). 


a, 

b  a, 


Ei  E 

14.17  Prove  Equation  14.38. 

14.18  Prove  Equation  14.45  and  show  that  it  takes  the  form  of  Equation  14.46  in  a  non- 
relativistic  region. 

14.19  A  neutron  TOF  experiment  will  be  designed  for  the  measurement  of  1-MeV  neu¬ 
trons,  with  the  requirement  that  the  energy  resolution  is  0.1%.  What  should  the 
length  of  the  flight  path  be  if  At  =  1  ns  and  A L/L  is  negligible? 

14.20  The  original  Fermi  chopper  consisted  of  a  cylinder  1.5  in.  in  diameter  with  a  maxi¬ 
mum  rotational  speed  of  15,000  r/min.  The  open  channels  consisted  of  aluminum 
sheets  132  in.  thick. 


www.Ebook777.com 


Neutron  Detection  and  Spectroscopy  451 


a.  Calculate  the  angle  during  which  the  channel  is  fully  open. 

b.  Assuming  the  maximum  rotational  speed,  what  is  the  minimum  neutron 
speed  necessary  for  a  neutron  to  make  it  through  the  channel? 

14.21  What  is  the  burnup  rate  per  month  of  an  SPND  using  235U  as  the  emitter  and  being 
exposed  to  a  thermal  flux  of  2  x  1017  neutrons/(m2  ■  s)? 

14.22  How  long  will  it  take  for  the  sensitivity  of  a  rhodium  SPND  to  decrease  to  50%  of 
its  initial  value?  Assume  a  thermal  flux  of  1018  neutrons/(m2  •  s). 

14.23  Using  semiquantitative  arguments,  show  that  the  sensitivity  of  a  Co  detector 
increases  as  Dm,  where  D  is  the  emitter  diameter  and  2  <  m  <  3. 
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Activation  Analysis  and 
Related  Techniques 


15.1  INTRODUCTION 

Activation  analysis  achieves  a  qualitative  and  quantitative  analysis  of  major,  minor,  and 
trace  elements  of  an  unknown  sample  by  irradiating  the  sample  and  thus  producing  radio¬ 
active  nuclides  usually  from  stable  isotopes.  The  unknown  nuclides  can  then  be  identified 
from  properties  of  the  radiations  emitted  by  the  radioisotopes  produced: 

1.  Type  of  radiation  (photons,  charged  particles,  neutrons) 

2.  Energy  of  radiation 

3.  Intensity  of  radiation 

4.  Half-life 

The  basic  principle  of  activation  analysis  is  not  new.  It  was  applied  for  the  first  time  in 
1936  by  Hevesy  and  Levi,1  who  determined  the  amount  of  dysprosium  in  a  yttrium  sample. 
The  dysprosium  in  the  sample  became  radioactive  when  bombarded  with  neutrons  from  a 
Ra-Be  source.  Two  years  later,  Seaborg  and  Livingood2  determined  the  gallium  content  in 
an  iron  sample  by  bombarding  it  with  deuterons.  The  sensitivity  of  the  method  increased 
considerably  with  the  availability  of  high  neutron  fluxes  from  nuclear  fission  reactors. 
Although  charged  particles,  high-energy  gamma  rays,  fast  neutron  (MeV)  energies  from 
isotopic  sources,  14-MeV  neutrons  from  deuterium-tritium  (d,t)  reactions,  and  2.5-MeV 
neutrons  from  deuterium-deuterium  (d,d)  reactions  may  be  used  as  the  bombarding  par¬ 
ticles,  thermal  neutrons  are,  by  far,  the  particles  most  frequently  utilized  for  the  irradiation 
and  activation  of  the  sample. 

455 


www.Ebook777.com 


456  Measurement  and  Detection  of  Radiation 


Activation  analysis  has  become,  because  of  its  extremely  high  sensitivity,  an  indispens¬ 
able  tool  in  a  wide  variety  of  fields  in  science  and  engineering3  industry,4,5  minerals  explo¬ 
ration,6  medicine,7  environmental  monitoring,8-10  and  forensic  science.11,12  The  purpose  of 
this  chapter  is  not  to  present  all  the  aspects,  details,  and  applications  of  this  field,  but  to 
discuss  the  major  steps  that  comprise  the  method,  the  interpretation  of  the  results,  the 
errors  and  sensitivity  of  the  method,  and  certain  representative  applications. 

The  reader  will  find  many  more  details  and  an  extensive  list  of  applications  in  the  bib¬ 
liography  and  the  references  given  at  the  end  of  this  chapter.  The  International  Atomic 
Energy  Agency  (http://www.iaea.org)  has  a  multitude  of  activation  analysis  technical  docu¬ 
ments  of  which  many  are  freely  available  to  be  downloaded. 

The  activation  analysis  method  consists  of  the  following  major  steps,  to  be  discussed 
next: 

1.  Selection  of  the  optimum  nuclear  reaction 

2.  Preparation  of  the  sample  for  irradiation 

3.  Irradiation  of  the  sample 

4.  Counting  of  the  irradiated  sample 

5.  Analysis  of  the  counting  results 

15.2  SELECTION  OF  THE  OPTIMUM  NUCLEAR  REACTION 

The  optimum  nuclear  reaction  is  chosen  with  the  following  considerations  in  mind: 

1.  Production  of  large  activity  should  occur  within  a  reasonable  irradiation  time. 

2.  The  radioisotope  produced  should  have  a  reasonable  half-life  ( T  >  min). 

3.  The  type  and  energy  of  the  radiation  emitted  by  the  radioisotope  should  not  present 
great  counting  difficulties. 

4.  A  minimum  number  of  interfering  reactions  should  be  involved. 

If  the  sample  is  completely  unknown,  one  starts  with  neutron  irradiation  because  neu¬ 
trons  are  absorbed  by  all  isotopes,  of  course  with  different  probabilities  (cross  sections).  If 
the  composition  of  the  sample  is  known,  then  the  best  reaction  for  the  identification  of  the 
isotope  of  interest  should  be  chosen.  Sometimes,  there  is  more  than  one  reaction  avail¬ 
able  for  the  same  isotope.  For  example,  aluminum  bombarded  with  fast  neutrons  may  be 
detected  by  three  different  reactions: 


27Al(«,y>)27Mg 

27Al(«,a)24Na 

27Al(«,y)28Al 

The  “optimum  nuclear  reaction”  depends  not  only  on  the  isotope  and  the  bombard¬ 
ing  particles  but  also  on  the  composition  of  the  sample  that  is  analyzed.  For  example,  the 
27A1(«,  y)28Al  reaction  may  be  the  best  for  the  detection  of  aluminum  in  a  certain  sample. 
However,  if  the  sample  contains  silicon  in  addition  to  aluminum,  the  reaction  28Si(«,y)28Al 
also  produces  28A1,  and  thus  causes  an  interference  to  the  measurement.  If  silicon  is  pres¬ 
ent,  it  may  be  better  to  use  the  reaction  27A1(«,  p)27 Mg  or  27A1(«,  a)24Na.  More  details  about 
interfering  reactions  are  given  in  Section  15.9. 
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The  most  commonly  used  neutron  reaction  is  the  ( n ,  y)  reaction,  which  takes  place  with 
almost  all  isotopes  (although  with  different  probability)  and  has  no  threshold.  In  general, 
the  ( n ,  y)  cross  section  is  higher  for  thermal  than  for  fast  neutrons.  Other  neutron  interac¬ 
tions  are  («,  a),  (n,  p),  and  ( n ,  2 n)  reactions;  except  for  a  few  exothermic  (n,  a)  reactions,  the 
others  have  a  threshold;  therefore,  they  can  occur  with  fast  neutrons  only.  Table  15.1  lists 
neutron  reactions  for  the  identification  of  several  elements.  Details  for  many  more  elements 
and  reactions  can  be  found  in  the  bibliography  of  this  chapter. 

Reactions  using  charged  particles  as  the  projectiles  are  also  used  in  activation  anal¬ 
ysis.  Their  disadvantage,  over  neutron  reactions,  is  that  charged-particle  reactions  are 
mostly  endothermic,  that  is,  they  have  a  threshold  and  an  accelerator  is  required  to  pro¬ 
vide  the  required  energy  to  exceed  the  threshold.  Table  15.2  gives  several  examples  of  such 
reactions. 


TABLE  15.1 

Typical  Neutron  Activation  Reactions 


Element 

Symbol 

Reaction 

Threshold 
Energy  (MeV) 

Half-Life 

of  Product 

Main  Radiation  Emitted 
and  Its  Energy  (MeV) 

Aluminum 

Al 

27AI(n,  y)2aAI 

ff)a 

2.3  min 

P- (2.85),  y  (1.78) 

27AI(n,  p)27  Mg 

1.9 

9.46  min 

p- (1. 75),  y  (0.84, 1.013) 

27AI(n,  a)24Na 

3.27 

15  h 

p- (1. 389),  y  (1.369, 2.754) 

Arsenic 

As 

75As (n,  y)76As 

(-) 

26.4  h 

p- (2.97),  y  (0.559) 

75 As (n,  a)72Ga 

(-) 

14.1  h 

p- (3.1 5),  y  (0.835) 

75As(u  2n)74As 

8.27 

1 7.9  days 

p- (3.1 5),  y  (0.835) 

Cadmium 

Cd 

™Cd(/i,  y),,1mCd 

(-) 

48.6  min 

er,  y  (0.247) 

™Cd(/i,  p)n0mAg 

2.12 

235  days 

y  (0.658) 

Calcium 

Ca 

48Ca(n,  y)49Ca 

(-) 

8.8  min 

y  (3.07),  p  (1.95) 

Chlorine 

Cl 

37CI(n,  y)38CI 

(-) 

37.2  min 

p- (4.91),  y  (1.6, 2.17) 

37CI(n,p)37S 

3.6 

5  min 

p-  y  (3.09) 

Copper 

Cu 

63Cu(n,  2n)62Cu 

11.01 

9.76  min 

y  (0.511) 

Fluorine 

F 

19F(n,  a)16N 

1.57 

7.15  s 

y  (6.1 3) 

Gold 

Au 

197Au(n,  y)198Au 

(-) 

2.7  days 

p- (0.962),  y  (0.41 2) 

197Au(n,  2n),96Au 

7.36 

6.18  days 

P  ,  y  (0.356) 

Iodine 

1 

127l(n,  y)l28l 

(-) 

25  min 

p-  (2.1 2),  y  (0.441) 

Iron 

Fe 

58Fe(n,  y)59Fe 

(-) 

45.5  days 

p-,y  (1.095, 1.292) 

56Fe(n,p)56Mn 

2.98 

2.57  days 

p-,y  (0.847) 

Lead 

Pb 

208Pb(n,  2n)207mPb 

7.45 

0.885  s 

y  (0.570) 

Mercury 

Hg 

200FHg(n,  2n)’99mHg 

8.11 

43  min 

y  (0.1 58) 

196Hg(n,  y)'97Flg 

(-) 

65  h 

y  (0.077) 

202FHg(n/  y)203Hg 

(-) 

46.9  days 

y  (0.279) 

Nickel 

Ni 

58N(n,  2n)57Ni 

12.09 

36  h 

P+,  y  (0.5 11, 1.37) 

Nitrogen 

N 

,4N(a  2n)'3N 

11.31 

10  min 

y  (0.511) 

Oxygen 

0 

160(n,p)16N 

10.2 

7.1  s 

y  (6.13) 

Phosphorus 

P 

31P(n,  a)28AI 

2 

2.3  min 

P“,  7(1.78) 

Potassium 

K 

39K(n,  2n)38K 

13.41 

7.7  min 

y  (0.51 1, 2.17) 

Silicon 

Si 

2SSi(n,  p)28AI 

3.99 

2.3  min 

y  (1 .78) 

Silver 

Ag 

109Ag(n,  y)"°Ag 

(-) 

24  s 

y  (0.66) 

a  (-)  =  No  threshold. 
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TABLE  15.2 

Charged-Particle  Reactions 

Threshold 

Half-Life 

Main  Radiation  Emitted 

Element 

Symbol 

Reaction 

Energy  (MeV) 

of  Product 

and  Its  Energy  (MeV) 

Boron 

B 

'°B(a,n)'3N 

- 

10  min 

p+  y  (0.5 1 1 ) 

'°B(p,Y),,C 

0.4 

20.4  min 

p+  y  (0.5 1 1 ) 

"B(p,n)"C 

2.76 

Carbon 

C 

12C(p,  n),2N 

18.12 

11  ms 

Nitrogen 

N 

14N(p,  a)"C 

2.88 

20.4  min 

Oxygen 

0 

,60(a,d)18F 

35 

109.8  min 

Sodium 

Na 

23Na(a,  n)26mAI 

4.62 

6.7  s 

p+,y  (0.511) 

Aluminum 

Al 

27AI(a,  n)30P 

3.38 

2.55  min 

p+  Y  (0-5 1 1 ) 

Copper 

Cu 

63Cu(a,  n)66Ga 

7.69 

9.45  h 

Phosphorus 

P 

3'P(d,p)32P 

p 

14.3  days 

p-  (Emax=  1.17) 

Iron 

Fe 

54Fe(d,n)55Co 

jg 

18.2  h 

P+,  y(0.51  1,0.93) 

TABLE  15.3 

Photonuclear  Reactions 

Threshold 

Half-Life 

Main  Radiation  Emitted 

Element 

Symbol 

Reaction 

Energy  (MeV) 

of  Product 

and  Its  Energy  (MeV) 

Carbon 

C 

12C(y,  n)"C 

18.7 

20.4  min 

P+,  Y  (0.511) 

Fluorine 

F 

19F(y,  n)18F 

10.5 

109.8  min 

P+,  Y  (0.511) 

Nitrogen 

N 

,4N(y  n),3N 

10.5 

10  min 

P+,  Y  (0.511) 

Oxygen 

O 

160(y,  n),50 

15.7 

2.03  min 

P+,  Y  (0-5 1 1 ) 

Copper 

Cu 

63Cu(y  n)62  Cu 

10.8 

9.7  min 

P+,  Y  (0.511) 

65Cu(y  nJ^Cu 

9.9 

12.8  h 

P+,  Y  (0-5 1 1 ) 

Silver 

Ag 

,07Ag(Y  n),06Ag 

9.4 

24  min 

P+,  Y  (0.511) 

Sodium 

Na 

23Na(Y,n)22Na 

12.4 

2.62  years 

Y  (0.5 11) 

Lead 

Pb 

204Pb(Y,  n)203Pb 

8.4 

52.1  h 

Y  (0.279) 

Photon  activation  (photonuclear  reactions)  complements  neutron  and  charged-particle 
activation.  Photons  are  better  than  neutrons  in  certain  cases.  For  example,  photons  are 
preferred  if  the  product  of  the  neutron  activation  is  an  isotope  that  has  a  very  short  half-life 
or  emits  only  low-energy  betas  or  low-energy  x-rays.  The  cross  sections  for  photonuclear 
reactions  are  generally  smaller  than  those  for  neutrons  and  charged  particles.  Table  15.3 
gives  several  photonuclear  reactions  that  are  used  in  activation  analysis. 

15.3  PREPARATION  OF  THE  SAMPLE  FOR  IRRADIATION 

A  sample  should  be  prepared  properly  and  then  placed  in  a  container  before  it  is  irradiated. 
The  person  who  prepares  the  sample  should  be  extremely  careful  not  to  contaminate  it. 
Activation  analysis  is  so  sensitive  that  it  can  determine  traces  of  elements  undetectable  by 
chemical  methods.  If  the  sample  is  left  on  a  table  for  a  certain  period  of  time,  it  collects 
dust  that  acts  as  a  contaminant.  Touch  by  hand  may  transfer  enough  salt  to  cause  the 
irradiated  sample  to  show  the  presence  of  sodium  and  chlorine.  To  avoid  contamination, 
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samples  should  be  handled  in  dry  boxes  or  in  clean  rooms.  The  person  who  prepares  the 
sample  should  use  clean  instruments  (knife,  file,  tweezers,  etc.)  and  also  wear  clean  plastic 
gloves. 

Solid  samples  should  have  their  surfaces  cleaned  with  a  suitable  cleaning  fluid  to 
remove  any  surface  contamination.  The  weight  of  the  sample  should  be  determined  after 
cleaning  it.  For  maximum  accuracy,  the  weight  is  determined  again  after  irradiation  and 
counting  are  completed. 

Liquids  and  powders  cannot  be  cleaned,  so  they  are  handled  in  clean  containers,  avoid¬ 
ing  contamination  from  the  container  wall.  For  liquid  samples,  care  should  be  exercised  to 
avoid  loss  of  fluid  when  the  sample  is  transferred  in  and  out  of  the  container.  In  the  case  of 
powder  (or  pulverized)  samples,  the  observer  should  be  certain  that  a  truly  representative 
sample  has  been  prepared.  This  is  especially  important  if  the  main  sample  under  analysis 
is  not  homogeneous. 

The  packaging  material  or  container  should 

1.  Have  high  radiation  and  thermal  resistance  (i.e.,  it  should  not  decompose,  melt,  or 
evaporate  in  the  irradiation  environment) 

2.  Have  low  content  of  elements  that  become  radioactive 

3.  Be  inexpensive  and  easy  to  handle 

Materials  that  are  used  most  frequently  are  polyethylene,  silica,  and  aluminum  foil. 
Polyethylene  satisfies  requirements  2  and  3  listed  above,  but  it  has  low  resistance  to 
radiation  and  temperature.  It  becomes  brittle  after  exposure  to  a  fluence  of  1021-1022  neu¬ 
trons/m2.  Polyethylene  tubes  of  different  diameters  are  routinely  used  in  radiation  labo¬ 
ratories.  The  tubes  can  be  easily  cleaned  and  sealed.  Silica  containers  are  not  so  useful  as 
polyethylene  because  they  are  not  as  pure,  they  become  radioactive,  and  sealing  is  more 
complicated.  Aluminum  foil  is  useful  for  packaging  solids,  but  it  becomes  radioactive 
through  27A1(«,  y)28Al  and  27A1(«,  a)24Na  reactions.  The  second  reaction  is  more  trouble¬ 
some  than  the  first  because  the  half-life  of  24Na  is  15  h,  whereas  the  half-life  of  28A1  is 
only  2.24  min. 


15.4  SOURCES  OF  RADIATION 

Intensities,  energies,  and  special  characteristics  of  the  various  radiation  sources  are  briefly 
discussed  in  this  section. 


15.4.1  Sources  of  Neutrons 

Neutron  sources  include  nuclear  reactors,  accelerators,  and  isotopic  sources.  Nuclear  reac¬ 
tors  are,  by  far,  the  most  frequently  used  irradiation  facilities.  They  provide  high  fluxes 
(upper  limit  1018  n/m2-s)  of  mostly  thermal  neutrons  (E  <  1  eV).  Fast  neutrons  in  the  keV 
range  are  also  available,  but  at  lower  flux  levels. 

When  short-lived  isotopes  are  involved,  a  higher  activity  is  produced  by  irradiating  the 
sample  in  a  reactor  that  can  be  pulsed  (see  Lenihan  et  al.,  1972).  Such  a  reactor  producing  a 
high  flux  of  about  1020  n/m2-s  for  a  short  period  of  time  (milliseconds)  is  the  TRIGA  reactor, 
marketed  by  General  Atomics,  San  Diego. 
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Accelerators  produce  fast  neutrons  as  products  of  charged-particle  reactions.  The  most 
popular  device  is  the  so-called  neutron  generator,  which  utilizes  the  reaction 

iH  +  iH  — »  ln+  fHe  +  17.586  MeV 

The  cross  section  for  this  exothermic  reaction  peaks  at  a  deuteron  kinetic  energy  of 
about  120  keV  with  a  value  of  about  5  b.  The  neutrons  produced  have  an  energy  of  about 
14  MeV.  (The  neutron  kinetic  energy  changes  slightly  with  the  direction  of  neutron  emis¬ 
sion.)  The  maximum  neutron  flux  produced  by  a  neutron  generator  is  of  the  order  of 
1014  n/s. 

Neutrons  with  an  average  energy  of  about  2.5  MeV  are  produced  by  the  (d,  d) 
reaction 


?H  +  ?H  In  +  jH  +  3.266  MeV 

The  cross  section  for  this  reaction  peaks  at  about  2-MeV  bombarding  deuteron  energy 
with  a  value  of  about  100  mb.  At  acceleration  voltages  normally  used  in  neutron  generators 
(-150  kV),  the  cross  section  is  about  30  mb.  The  (d,  d)  reaction  offers  neutron  fluxes  of  the 
order  of  109  n/s.  It  is  important  to  note  that  both  the  (d,  t)  and  the  (d,  d)  reactions  produce, 
essentially,  monoenergetic  neutrons. 

Isotopic  neutron  sources  are  based  on  (a,  n)  and  (y,  n)  reactions,  and  on  spontaneous 
fission  (SF)  (252Cf).  They  all  produce  fast  neutrons.  The  (a,  n)  and  (y,  n)  sources  produce  the 
neutrons  through  the  reactions 


2 He  +  4Be  ]n  +  U6C 
y  +  4 Be  — >  qH  +  ®Be 

The  isotope  252Cf  is  the  only  SF  source  of  neutrons  commercially  available.  It  provides 
fission  spectrum  neutrons  with  an  average  of  2.3  MeV.  The  characteristics  of  isotopic  neu¬ 
tron  sources  are  given  in  Table  15.4. 


TABLE  15.4 

Isotopic  Neutron  Sources 


Source 

Reaction 

Yield 

Average  Neutron 
Energy  (MeV) 

Half-Life  of 
Isotope  Involved 

226Ra-Be 

(a  ,n) 

7  x  1 05  neutrons/s-g  (Ra) 

~4 

1600  years 

210Po-Be 

(a  ,n) 

1  x  1010  neutrons/s-g  (Po) 

~4 

138.4  days 

239Pu-Be 

(a  ,n) 

1 .0  x  1 05  neutrons/s-g  (Pu) 

~4 

24,131  years 

241Am-Be 

(a  ,n) 

7  x  1 06  neutrons/s-g  (Am) 

~4 

432  years 

,24Sb-Be 

iy,n) 

1.0  x  1010  neutrons/s-g 

0.024 

60.2  days 

242Cm-Be 

(a  ,n) 

1  x  1010  neutrons/s-g  (Cm) 

4 

1 62.8  days 

252Cf 

(SF) 

2  x  1012  neutrons/s-g 

2.3 

2.646  years 

Source:  Lenihan,  M.  M.  A,  Thomson,  S.  1,  and  Guinn,  V.  P.,  Advances  in  Activation  Analysis,  Vol.  2,  Academic,  New  York, 
1 972.  With  permission. 
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15.4.2  Sources  of  Charged  Particles 

Apart  from  certain  a-emitting  radioisotopes,  accelerators  are  the  only  practical  sources  of 
charged  particles.  They  can  provide  almost  any  charged  particle  or  ion  for  bombardment  of 
the  target  for  a  wide  range  of  energies.  The  particles  most  commonly  used  as  projectiles  are 
protons,  deuterons,  alphas,  tritons,  and  3He  nuclei.  The  beam  current  of  the  accelerator  is 
related  to  particles  per  second  hitting  the  target  by  the  equation  (see  Ricci,  1972) 

/(particles/s)  =  6.2  x  1015  (15.1) 

z 


where 

i  =  the  beam  current  in  mA. 

z  =  the  charge  of  the  accelerated  particle  in  units  of  the  electronic  charge.  Knowing  the 
number  of  particles  per  second  hitting  the  target  and  the  cross  section  for  the 
reaction,  one  can  calculate  the  reaction  rate. 

15.4.3  Sources  of  Photons 

The  sources  of  photons  include  radioisotopes,  nuclear  reactions,  and  bremsstrahlung 
radiation. 

There  are  many  radioisotopes  that  emit  gamma  rays.  The  most  useful  ones  are  as  follows: 

1.  24Na  with  a  15-h  half-life  emitting  y’s  with  energy  1.37  and  2.75  MeV 

2.  60Co  with  5.3-year  half-life  emitting  y’s  with  energy  1.17  and  1.33  MeV 

3.  124Sb  with  a  60-day  half-life  emitting  y’s  with  energy  1.71,  2.1,  and  2.3  MeV 

4.  22Na  with  a  2.6-year  half-life  emitting  a  gamma  with  energy  1.275  MeV  (22Na  being 
a  positron  emitter  is  also  a  source  of  0.511-MeV  gamma  rays) 

Photons  of  extremely  high  energy  may  be  produced  by  nuclear  reactions.  Examples  are 

3H(/>,  y)4He,  £y  =  19.8  MeV 

7Li (p,  y)8Be,  £y  =  14.8  and  17.6  MeV 

UB (p,  y)12C,  £y  =  11.7  and  16.1  MeV 

Unfortunately,  the  gamma  fluxes  generated  by  these  reactions  are  very  small,  relative 
to  neutron  fluxes  produced  by  nuclear  fission  reactors. 

Bremsstrahlung  is  produced  with  the  help  of  electron  accelerators.  The  electrons  are 
accelerated  to  a  certain  energy  and  then  are  allowed  to  hit  a  solid  target,  thus  transforming 
their  kinetic  energy  into  bremsstrahlung.  The  radiation  produced  has  a  continuous  energy 
spectrum,  extending  from  zero  energy  up  to  the  maximum  electron  kinetic  energy.  Large 
photon  fluxes  are  produced,  and  may  be  used  for  the  activation  of  rather  large  samples. 

15.5  IRRADIATION  OF  THE  SAMPLE 

Depending  on  the  selected  reaction,  irradiation  of  the  sample  may  take  place  in  a  nuclear 
reactor,  in  an  accelerator,  or  with  an  isotopic  source.  After  the  selection  of  an  irradiation 
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facility,  the  next  step  is  a  decision  about  the  irradiation  time.  If  the  sample  contains  known 
isotopes  at  approximately  known  amounts,  it  is  easy  to  estimate  the  proper  irradiation  time. 
If,  on  the  other  hand,  the  sample  is  completely  unknown,  one  irradiates  the  sample  for  an 
arbitrary  time,  checks  some  of  the  isotopes  present  (from  the  emitted  radiations),  and  then 
irradiates  the  sample  again  for  a  time  that  will  provide  enough  activity  for  proper  isotope 
identification  with  the  desired  accuracy. 

Since  neutrons  are,  by  far,  more  frequently  used  for  activation  analysis  than  other 
particles,  neutrons  will  be  assumed  to  be  the  projectiles  for  the  equations  discussed  next. 
However,  it  should  be  noted  that  the  same  equations  apply  when  some  other  radiation  is 
used  as  the  bombarding  particle. 

The  equation  that  gives  the  activity  produced  after  irradiating  the  sample  for  time  t0  is 
(for  derivation,  see  Section  14.4) 


A(to)  =  atn-^aM- 1 "  e~X,+1‘°) 
A; 


(15.2) 


L« 


where 


m  =  mass  of  the  element  of  interest  in  the  sample 

«,  =  weight  fraction  (abundance)  of  isotope  with  atomic  mass  At  {At  is  an  isotope  of  the 
element  with  mass  m,  the  element  of  interest) 

A,i+1  =  decay  constant  of  the  radioisotope  produced 

Oi  =  cross  section  for  the  reaction  that  makes  the  isotope  with  atomic  weight  Ai+1 
<()  =  particle  flux  [particles/(m2-s)] 

Na  =  Avogadro’s  number 

Equation  15.2  is  valid  if  (see  Section  14.4) 

1.  The  number  of  target  nuclei  stays  essentially  constant,  that  is,  O,tyt0  <K  1 

2.  The  radioisotope  produced  has  such  a  small  reaction  cross  section  that  ^i+1 »  (|>Gi+1 

3.  The  flux  is  uniform  throughout  the  target 

If  the  half-life  of  the  radioisotope  is  much  shorter  than  t0  (£„  >  6t1/2),  saturation  activity 
(Asat)  is  obtained,  given  by 


(15.3) 


Li 


Equation  15.3  indicates  that,  for  a  particular  isotope,  the  activity  increases  by  irradiat¬ 
ing  a  larger  mass  m  in  a  higher  flux  (|). 

The  size  of  the  sample  (mass  m)  is  dictated  by  four  factors: 

1.  The  maximum  activity  that  can  be  safely  handled  under  the  conditions  of  the  labo¬ 
ratory  (i.e.,  shielding  of  source  and  detector,  existence  of  remote  control,  automated 
remote  handling  of  samples). 

2.  The  size  of  the  sample  holder. 

3.  The  self-absorption  of  the  radiation  emitted  by  the  sample.  This  is  particularly 
important  if  the  radiation  detected  is  betas  or  soft  x-rays. 
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4.  The  size  of  the  detector.  Little,  if  anything,  is  gained  by  using  a  sample  much  larger 
than  the  detector  size. 

The  flux  c|>  is  determined  by  the  limitations  of  the  irradiation  facility.  At  the  present 
time,  the  maximum  flux  is  about  1018  n/m2-s  (thermal  neutron  flux). 


15.6  COUNTING  OF  THE  SAMPLE 

After  irradiation  is  completed,  the  sample  is  counted  using  an  appropriate  system.  The 
qualitative  and  quantitative  determination  of  an  isotope  is  based  on  the  analysis  of  the 
energy  spectrum  of  the  radiations  emitted  by  the  radioisotope  of  interest.  Sometimes,  it 
may  be  necessary  to  use  information  about  the  half-life  of  the  isotope(s).  In  such  a  case, 
counting  may  have  to  be  repeated  several  times  at  specified  time  intervals. 

The  appropriate  counting  system  depends  on  the  radiation  detected.  Modern  activa¬ 
tion  analysis  systems  depend  on  the  detection  of  gamma  rays  and  x-rays  and  very  seldom 
on  the  detection  of  other  particles.  For  this  reason,  the  discussion  in  the  rest  of  this  chapter 
is  based  on  the  assumption  that  the  irradiated  sample  emits  photons. 

A  basic  counting  system  for  activation  analysis  consists  of  a  detector  [Ge  or  Si(Li)], 
electronics  (i.e.,  preamplifier,  amplifier),  and  a  multichannel  analyzer  (MCA).  Modern 
MCAs  do  much  more  than  record  the  data.  They  are  minicomputers  or  are  connected  to 
computers  that  store  and  analyze  the  recorded  data.  Examples  are  the  MCA  architectures 
offered  by  ORTEC  and  CANBERRA  (see  Bibliography). 


15.7  ANALYSIS  OF  THE  RESULTS 

The  analysis  of  an  activation  analysis  spectrum  is  based  on  the  procedures  described  in 
Section  12.5.3.  It  is  performed  either  by  the  MCA  itself,  if  that  instrument  has  such  capa¬ 
bility,  or  by  a  digital  computer.  Several  computer  codes  have  been  written  for  that  pur¬ 
pose.13-16  Two  of  the  most  popular  commercially  peak-fitting  software  are  GENIE  2000 
from  CANBERRA17  and  GammaVision  from  ORTEC.18 

Activation  analysis  may  be  qualitative  or  quantitative.  In  a  qualitative  measurement,  only 
identification  of  the  chemical  element  is  involved.  This  is  accomplished,  as  shown  in  Section 
12.5.3  from  the  energies  and  intensities  of  the  peaks  of  the  energy  spectrum.  In  a  quantitative 
measurement,  on  the  other  hand,  in  addition  to  identification,  the  amount  of  chemical  element 
in  the  sample  is  also  determined.  To  illustrate  how  the  mass  is  determined  and  what  the  errors 
and  sensitivity  of  the  method  are,  consider  the  energy  spectrum  of  Figure  15.1  as  an  example. 

Assume  that  the  mass  of  a  chemical  element  in  the  sample  will  be  determined  from 
the  full-energy  peak  at  Ek.  Using  the  notation  of  Section  14.4,  the  mass  m  is  given  by  (see 
Equation  14.22) 


_ PkA^i+i _ 

E(Ek)ekaiNAoMl  -  e~Xi+lt0)(e~^Mtl  - 


(15.4) 


where 

Pk  =  net  number  of  counts  under  the  peak,  Pk=Gk-  B  (determined  by  one  of  the  meth¬ 
ods  described  in  Section  12.5.3) 
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FIGURE  15.1  A  typical  Ge  energy  spectrum.  The  element  will  be  identified  using  the  main  peak 
at  channel  888. 


e{Ekf  =  absolute  full-energy  peak  detector  efficiency  at  energy  Ek 
ek  =  probability  that  a  photon  of  energy  Ek  is  emitted  per  decay  of  the  isotope  (also 
known  as  intensity  of  this  gamma) 
t2-t1  =  counting  time  =  T 

In  activation  analysis,  the  efficiency  is  determined  in  such  a  way  as  to  include  the  solid 
angle  Q  and  the  other  correction  factors  F(Ej)  discussed  in  Chapter  8. 

The  error  in  the  value  of  m  depends  on  the  errors  of  the  quantities  that  comprise 
Equation  15.4,  such  as  Pk,  7,  8,  G„  and  (|>.  In  the  most  general  case,  the  standard  deriva¬ 
tion  o,„  is 


'dm* 


V3<t*  J 


Ga  + 


(15.5) 


In  practice,  certain  errors  are  always  negligible  when  compared  to  others.  The  quanti¬ 
ties  Aj,  X,  ek,  and  g,  are  known  very  accurately  for  most  isotopes.  Also,  the  flux  c|>  and  the 
efficiency  8  can  be  determined  with  a  known  but  small  error.  The  error  in  the  times  tk  and  t2 
can  be  negligible.  Thus,  the  major  contribution  to  the  error  of  m  comes  from  the  error  of 
that  is,  the  error  of  the  area  under  the  peak.  Assuming  that  apk  is  the  only  important  error, 
the  standard  error  of  m  is 


Gm 


(15.6) 
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or  the  relative  error  (using  Equation  15.4)  is 


®  Pk 

m  Pk 


(15.7) 


Thus,  the  relative  error  of  m  is  equal  to  the  relative  error  of  Pk,  in  this  case. 

It  should  be  emphasized  that  only  one  well-identified  peak,  and  not  the  whole  spec¬ 
trum,  is  needed  for  quantitative  determination  of  a  chemical  element  in  the  unknown 
sample.  The  other  peaks,  if  used,  should  give  results  consistent  with  the  one  chosen  for  the 
analysis,  and  they  should  also  be  utilized  as  additional  check  points  to  remove  any  doubts 
in  the  identification  of  the  unknown.  For  example,  if  the  k  peak  leads  to  the  identification 
of  isotope  X,  other  peaks  in  the  spectrum  should  agree,  in  energy  and  intensity,  with  addi¬ 
tional  gammas  emitted  by  isotope  X. 

In  practice,  the  objective  of  the  measurement  is  often  to  identify  the  mass  of  a  particu¬ 
lar  trace  element  in  the  sample.  Then  the  unknown  mass  is  determined  in  a  simpler  way 
by  irradiating,  along  with  the  unknown,  a  standard  sample  with  a  known  mass  of  the  trace 
element  and  counting  both  samples  with  the  same  counter.  If  ms  is  the  mass  of  the  standard 
and  mx  the  mass  of  the  unknown,  using  Equation  15.4,  one  obtains 


mx 


(Pk)x(e~Xi+lh  ~  e“Vlt2)s 

yyi  - 

\Pk)s{e~XMh  -e-^h 


(15.8) 


where  the  times  t,  and  t2  are  different  for  the  standard  and  the  unknown,  but  in  both 
cases,  t2-tx  -  T.  Use  of  Equation  15.8  constitutes  a  relative  method,  in  contrast  to  the  use 
of  Equation  15.4,  which  represents  an  absolute  method.  Recently,  there  has  been  a  lot  suc¬ 
cessful  usage  of  the  k- zero  method,  which  takes  into  account  all  aspects  of  the  absolute 
method.19,20 


15.8  SENSITIVITY  OF  ACTIVATION  ANALYSIS 

Sensitivity  of  the  activation  analysis  method  for  a  particular  chemical  element  refers  to  the 
minimum  mass  of  that  element  that  can  be  reliably  detected.  The  minimum  detectable  mass 
is  determined  from  Equation  15.4  by  assuming  the  most  favorable  conditions  for  the  mea¬ 
surement  and  by  setting  an  upper  limit  for  the  acceptable  error  of  the  result.  The  process  is 
similar  to  the  determination  of  the  minimum  detectable  activity  discussed  in  Section  2.20. 
Assuming  that  the  observer  is  willing  to  accept  a  maximum  error  o,„  such  that 

am<fm  (15.9) 

(/<  1)  and  that  the  only  error  in  the  determination  of  the  mass  comes  from  the  error  in  the 
number  of  counts  under  the  peak,  a  limiting  counting  rate  can  be  defined  as  follows.  If  one 
defines  a  net  counting  rate  rk  as 


(15.10) 


www.Ebook777.com 


466  Measurement  and  Detection  of  Radiation 


where* 


Gk  =  Pk  +  bkT=rkT+bkT  (15.11) 

then,  using  Equations  2.101, 15.7,  and  15.11,  one  obtains  for  the  minimum  acceptable  count¬ 
ing  rate  rk, 


^  1  +  ^1 +  4  fT(bk  +  Tal) 
2  f~T 


(15.12) 


/ - % 

EXAMPLE  15.1 

What  is  the  minimum  mass  of  gold  that  can  be  detected  by  neutron  activation  analysis 
under  the  conditions  listed  below? 


4>  =  1  o16  n/m2-s 

e  =  0.30 

f0  =  2  h 

t,  =  5  min 

f=  0.50 

f2=  125  min 

b  =  20  ±  0.2  counts/min 

For  gold,  A  =  197,  a  =  1,  e*  =  1,  a  =  99  b,  and  TV2  =  2.7  days. 

Answer 

Using  Equation  15.12,  the  minimum  acceptable  counting  rate  is 


^  +  ^J^  +  4(0.5)220(1  20)  +  4(0.5)2(1  20)2(0.2)2 
2(0.5)21 20 


0.93  counts/min 


Using  Equations  15.10  and  15.11, 

Pk =  riJ  =  0.93(120)  =  111.12  counts 
Since  the  half-life  of  198Au  is  2.7  days, 

X  =  — — —  =  2.971  x  1 0“6  s“’ 
2.7  days 


and  the  exponential  factors  in  Equation  15.4  become 

exp(-X,+1t0)  =  exp[(-2.971  x  1 0-6)2(3600)]  =  0.979 
exp(-A,,+it,)  =  exp[(-2.971  x  10-6)300]  =  0.999 
exp(-A,1+,t2)  =  exp[(-2.971  x  1 0“6)1 25(60)]  =  0.978 


Note  that  both  Gk  and  bk  refer  to  gross  counts  and  background  under  the  peak  k,  and  not  under  the  whole 
spectrum. 
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Equation  15.4  gives 


1 1 1 .1 2(1 97  x  1 0“3)(2.971  x  1 0“6)  s“' 

“  0.30(6.022  x  1 023)(99  x  1  0“28  m2)(1 016  n/m2s)(1  -  0.979)(0.999  -  0.978) 

=  8.24  x  10“15kg  =  8.24  pg 


J 


r 


EXAMPLE  15.2 

What  is  the  absolute  minimum  mass  of  a  chemical  element  that  can  be  detected  under 
the  most  favorable  conditions? 


Answer 

The  absolute  minimum  mass  will  be  determined  if  one  assumes 
Detector  efficiency  100%  (e=  1) 

Intensity  of  radiation  emitted  100%  (ek  =  1) 

Saturation  activity  (1  -  e~Xt°)  =  1 
Maximum  thermal  neutron  flux  (~1018  n/m2-s) 

Then  Equation  15.4  takes  the  form 


m  = 


_ P (A^/+i _ 

a,NAa, (Ke^'*1'1  -  e“Xi+1t2) 


(15.13) 


J 


Factors  that  may  further  affect  the  result  given  by  Equation  15.13  depend  on  the  back¬ 
ground  of  the  counting  system  and  the  maximum  acceptable  error  (both  background  and 
acceptable  error  affect  the  minimum  acceptable  value  of  Pk). 

15.9  INTERFERENCE  REACTIONS 

One  possible  source  of  error  in  activation  analysis  is  interference  reactions.  These  are  reac¬ 
tions  that  produce  the  same  isotope  as  the  one  being  counted,  through  bombardment  of  a 
different  isotope  in  the  sample.  As  an  example,  assume  that  a  sample  is  analyzed  for  magne¬ 
sium  by  using  fast-neutron  activation.  The  reaction  of  interest  is  24Mg(«,  j?)24Na.  Therefore, 
the  activity  of  24Na  will  be  recorded,  and  from  that  the  amount  of  24Mg  can  be  determined. 
If  the  sample  contains  23Na  and  27A1,  two  other  reactions  may  take  place  that  also  lead  to 
24Na.  They  are 


23Na(«,  y)24Na 
27A1(«,  a)24Na 

If  this  is  the  case  and  the  investigator  does  not  consider  these  last  two  reactions,  the 
mass  of  24Mg  will  be  determined  to  be  higher  than  it  is. 
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Interference  reactions  are  discussed  in  detail  in  many  activation  analysis  books  (see 
Rakovic,  1970;  Nargolwalla  and  Przybylowicz,  1973).  A  few  representative  examples  are 
given  below: 


68Zn (n,  y)69mZn  and  69Ga(«,/?)69mZn  and  72Ge(«,  a)69mZn 

32S (n,p)32  and  31P(«,y)32P  and  35C1(«,  a)32P 

170(«,  y)14C  and  13C(«,  y)14C  and  14N(«,  j?)14C 

98Tc(«,  y)99mTc  and  98Mo(«,  y)"Mop  99mTc 

31P(«,  y)32P  and  30Si(«,  Y)31Sip  31P(«,  y)32P 

55Mn(«,  y)56Mn  and  54Cr(«,  y)55CrP  —>  55Mn(«,  y)56Mn 

19F(«,  2«)18F  and  nO(p,  y)18F  and  180 (p,  «)18F 

In  the  last  two  reactions,  the  proton  is  produced  by  the  incident  fast  neutrons  interact¬ 
ing  with  the  target  nuclei. 


15.10  ADVANTAGES  AND  DISADVANTAGES  OF  THE 
ACTIVATION  ANALYSIS  METHOD 

One  of  the  greatest  advantages  of  activation  analysis  is  its  ability  to  detect  most  of  the  iso¬ 
topes  with  an  extremely  high  sensitivity.  Other  advantages  are  that  the  method 

1.  Is  nondestructive  (in  most  cases) 

2.  Needs  a  sample  with  a  very  small  mass 

3.  Can  detect  more  than  one  chemical  element  at  a  time 

4.  Identifies  different  isotopes  of  the  same  chemical  element 

5.  Provides  results  rapidly 

6.  Is  not  affected  by  the  chemical  form  of  the  element  of  interest 

One  disadvantage  of  activation  analysis  is  that  it  does  not  provide  information  about 
the  chemical  compound  in  which  the  nuclide  of  interest  belongs.  A  minor  disadvantage  of 
the  method  is  that  it  requires  relatively  expensive  equipment,  and  the  analysis  of  the  results 
is  not  trivial. 

Overall,  activation  analysis  is  a  very  powerful  technique,  as  demonstrated  by  its  wide 
use  in  so  many  different  fields — that  is,  chemistry,  biology,  medicine,  forensic  medicine, 
industry,  archaeology,  and  environmental  monitoring  and  research.  For  details  regarding 
these  special  applications,  the  reader  is  referred  to  the  references  and  to  the  bibliography 
of  this  chapter,  in  particular,  to  the  books  by  Nargolwalla  and  Przybylowicz  (1973)  and  by 
Rakovic  (1970). 


15.11  PROMPT  GAMMA  ACTIVATION  ANALYSIS 

Prompt  gamma  activation  analysis,  commonly  known  as  PGAA  or  PGNAA,  is  a  technique 
that  has  gained  a  lot  of  acceptance  as  a  complementary  method  to  traditional  neutron  acti¬ 
vation  analysis.  The  technique  employs  a  neutron  beam  that  irradiates  a  sample  and  the 
prompt  gamma  rays  emitted  by  the  compound  nucleus  are  detected.  The  target  nucleus 


www.Ebook777.com 


Activation  Analysis  and  Related  Techniques  469 


AX  absorbs  a  neutron  n  and  forms  a  compound  nucleus  A+1 X*  in  an  excited  state.  A  prompt 
gamma  ray  (y)  is  emitted  when  the  compound  nucleus  deexcites  as  shown  in  Equation  15.14. 

n  +  AX  — »  A+1X*  A+1X  +  y  (15.14) 

PGAA  is  ideally  suited  for  stable  isotopes  that  have  relatively  high  cross  sections 
and  have  no  A+1X  radioactive  products  that  can  be  measured  or  these  products  have  poor 
gamma  ray  characteristics  to  be  detected  (e.g.,  weak  branching  ratio).  Elements  such  as  H, 
B,  and  others  are  excellent  candidates  to  be  determined  by  PGAA.21-23  Typically,  a  lot  of 
shielding  is  needed  to  prevent  neutron  damage  of  the  detector.24  One  should  keep  in  mind 
that  emission  of  the  prompt  gammas  stops  when  the  neutron  beam  is  turned  off  as  opposed 
to  emission  of  decay  gammas,  emitted  by  radioactive  isotopes  with  a  certain  half-life,  that 
continues  after  the  neutron  beam  is  off. 


15.12  NEUTRON  DEPTH  PROFILE 

Neutron  depth  profile,  known  as  NDP,  is  a  near-surface  analysis  technique  based  on  the 
absorption  of  neutrons  in  a  target  which  emits  charged  particles  that  are  then  detected 
by  a  silicon  barrier  detector.  The  concentrations  of  certain  elements  can  then  be  deter¬ 
mined.  Since  NDP  relies  on  the  emission  of  charged  particles,  there  are  only  a  few  reactions 
that  can  benefit  from  this  technique.  These  include  among  others  3H(«,/;)3H,  6Li(«,a)3H, 
10B(«,a)7Li,  and  14N {n,p)uC. 

Most  of  the  work  involves  characterization  of  samples  in  materials  science  and 
engineering.25-27 


15.13  NEUTRON  RADIOGRAPHY 

Neutron  radiography  uses  the  unique  interaction  probabilities  of  neutrons  to  create  images 
of  the  internal  features  of  an  object.  This  imaging  technique  is  nondestructive;  however, 
samples  receive  significant  radiation  exposure.  X-rays  and  neutrons  operate  in  complemen¬ 
tary  fashion  to  create  radiographs. 

X-rays  are  attenuated  best  by  high  atomic  Z  materials.  Thus,  x-rays  pass  through 
the  water  in  a  human  body  easily  but  they  are  attenuated  once  they  encounter  bones. 

Conversely,  neutrons  move  through  high-Z  material  easily  but  they  are  attenuated  consid¬ 
erably  by  low-Z  materials,  such  as  water. 

As  an  example  consider  a  plastic  object  inside  a  steel  pipe.  Using  x-rays,  the  plastic 
object  cannot  be  seen  because  the  x-rays  are  stopped  by  the  steel.  But,  using  neutrons,  the 

plastic  object  can  be  clearly  seen  because  neutrons  go  through  Source  collimator  Object  Detector 

the  steel,  essentially  without  appreciable  attenuation,  but  they 
interact  with  the  light  elements  in  the  plastic  (H,  C,  N,  etc.). 

Samples  are  placed  in  front  of  a  phosphor  scintillation 
screen.  Neutrons  pass  through  the  sample  and  strike  the  scin¬ 
tillation  screen.  Neutrons  ionize  the  phosphorus  in  the  screen, 
which  cause  it  to  produce  flashes  of  light.  The  flashes  of  light 
are  recorded  by  a  camera  and  converted  into  numbers  in  a 

matrix.28  A  typical  configuration  of  a  neutron  radiography  sys-  figure  15.2  Atypical  configuration  of  a  neutron 
tern  is  shown  in  Figure  15.2  while  a  radiograph  of  a  combination  radiography  system. 
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lock  is  seen  in  Figure  15.3.  Some  typical  applications  include  high-speed  neutron  radiogra¬ 
phy  for  monitoring  the  water  absorption  by  capillarity  in  porous  materials,29  nuclear  materi¬ 
als  identification  system  for  fissile  material  transfers,30  flow  visualization  of  refrigerant  in  a 
self-vibration  heat  pipe,31  and  visualization  of  oil  behavior  in  a  small  four-cycle  engine  with 
electrical  motoring.32 


FIGURE  15.3  Radiograph 
of  a  combination  lock 
(http://nuclear.engr.utexas. 
edu/index.php/netl/ 
services.html). 
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PROBLEMS 

15.1  For  a  target  containing  1.00  mg  of  manganese  in  a  nuclear  reactor  of  flux 
1.0  x  1013  n/cm2-s,  calculate  the  activity  of  56Mn  (tm  =  2.6  h)  formed  in  5.2  h.  What 
would  be  the  activity  after  520  h  irradiation?  The  isotopic  abundance  of  56Mn  is 
100%,  and  o  =  13.4  barns. 

15.2  127I(«,  y)128I  is  6.3  barns.  The  half-life  of  128I  is  25  min.  If  12.7  g  pure  127I  is  placed  in  a 
reactor  in  which  the  neutron  flux  is  2.0  x  105  n/cm2  s  and  is  bombarded  for  25  min, 
what  is  the  activity  of  128I  in  the  sample  100  min  after  bombardment  has  stopped? 
For  the  reaction  127I(n,  y)128I,  the  cross  section  is  6  b. 

15.3  How  long  must  5.0  g  of  the  pure  nuclide  31P  be  irradiated  with  neutron  flux 
2.0  x  10s  n/cm2  s  to  achieve  an  activity  of  32P  of  1.00  x  103  decays/min  100  h  after 
the  bombardment  has  stopped  (t1/2  =  14.3  days)?  For  the  reaction  31P(«,  y)32P,  the 
cross  section  is  0.23  b. 

15.4  Traces  of  manganese  are  suspected  in  an  unknown  sample  that  has  been  irradiated 
for  30  min  in  a  flux  of  1016  n/m2  s.  Counting  started  5  min  after  the  irradiation  ended. 
The  0.8-MeV  gamma  of  56Mn  was  detected  by  a  counter  with  a  4%  efficiency  (F-e-Q). 
The  sample  gave  500  counts  in  5  min,  while  the  background  was  30+1  counts/min. 
Based  on  this  information,  calculate  the  mass  of  manganese  in  the  sample  and  the 
standard  error  of  this  measurement.  For  55Mn,  0  =  14  b.  For  56Mn,  Tm  =  2.58  h. 

15.5  What  should  the  minimum  activity  of  a  sample  be  if  it  is  required  that  in  the  worst 
case  o,  =  0.8r,  and  the  sample  is  counted  in  a  system  for  which  £  =  0.50,  and  the 
background  is  100  ±  5  counts/min.  The  sample  can  only  be  counted  for  1  min. 

15.6  Using  the  data  of  Problem  15.5,  (a)  plot  minimum  activity  as  a  function  of  the 
acceptable  error  (/),  and  (b)  derive  the  function  that  represents  the  data.  Consider 
the  range  0.1  </<  0.8. 

15.7  In  a  neutron  activation  analysis  experiment,  a  10%-efhcient  Ge(Li)  detector  with 
12  ±  0.1  counts/min  background  is  used  for  the  measurement  of  0.6-MeV  y’s  emit¬ 
ted  by  the  sample.  If  the  counting  time  is  5  min 

a.  What  is  the  minimum  acceptable  counting  rate  if  the  maximum  acceptable 
error  is  60%? 

b.  What  is  the  minimum  mass  that  can  be  detected  if  the  isotope  under  inves¬ 
tigation  has  A  =  75,  0  =  0.21  b,  tm(76X)  =  20  h,  irradiation  time  =  8  h,  and 
(|)  =  1016  n/m2-s? 

15.8  Prove  Equation  15.12. 

15.9  What  is  the  absolute  minimum  mass  of  phosphorus  that  can  be  detected  using  the 
reaction  ( n ,  a)  under  irradiation  with  14-MeV  neutrons?  Assume  (|)  =  1012  n/m2  s, 
0  =  0.150  b,  the  counting  system  background  is  b  =  15  ±  0.5  counts/min,  counting 
time  =  2  min,  and  maximum  acceptable  error  is  30%. 
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16.1  INTRODUCTION 

Health  physics  is  the  discipline  that  consists  of  all  the  activities  related  to  the  protection 
of  individuals  and  the  general  public  from  potentially  harmful  effects  of  ionizing  radiation. 
Ionizing  radiation  comes  from  two  sources: 

1.  Natural  or  background  radiation,  which  is  radiation  emitted  by  radioisotopes  that 
exist  on  or  inside  the  earth,  in  the  air  we  breathe,  in  the  water  we  drink,  in  the  food 
we  eat,  and  in  our  bodies,  as  well  as  radiation  incident  upon  the  earth  from  outer 
space  (cosmic  rays).  Humans  have  been  exposed  to  this  natural  radiation  for  as  long 
as  they  have  existed  on  this  planet. 

2.  Man-made  radiation,  which  is  radiation  emitted  by  radioisotopes  that  have  been 
produced  by  nuclear  reactors  and  accelerators,  radiation  produced  by  machines 
used  in  medical  installations  for  diagnostics  and/or  therapy  (e.g.,  x-ray  machines, 
accelerators,  and  positron  emission  tomography  for  imaging  of  organs). 

Health  physics  is  concerned  with  protection  of  people  from  radiation.  Since  the  back¬ 
ground  radiation  has  been,  is,  and  will  always  be  on  our  planet  at  about  the  same  level 
everywhere,  there  is  not  much  a  health  physicist  can  do  to  protect  individuals  or  popula¬ 
tions  from  background  radiation.  Hence,  health  physics  is  concerned  with  the  protection  of 
people  from  natural  and  man-made  radiation. 
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Health  physicists  performs  many  tasks;  they  most  importantly, 

1.  Are  responsible  for  the  detection  and  measurement  of  radiation  in  areas  of  work  and 
in  the  environment 

2.  Are  responsible  for  the  proper  operation  and  calibration  of  detection  instruments 

3.  Are  responsible  to  design  and  implement  shielding  for  radiation  protection 

4.  Inspect  at  regular  intervals  the  facilities  where  radiation  sources  are  used 

5.  Enforce  federal  and  state  regulations  dealing  with  proper  handling  of  radiation 
sources  and  establishment  of  acceptable  levels  of  radiation  fields  at  places  of  work 

6.  Keep  records  of  exposure  for  all  individuals  under  his  or  her  jurisdiction 

7.  Know  how  to  clean  areas  that  have  been  contaminated  with  radioactive  materials 

8.  Act  as  the  liaison  representative  between  the  regulatory  agencies  and  his  or  her 
organization 

Although  the  term  “health  physics”  was  coined  after  1940,  and  a  Health  Physics  Society 
was  established  in  1955,  the  concern  about  the  harmful  effects  of  ionizing  radiation  had 
been  born  much  earlier — but  probably  not  early  enough.  The  first  recorded  radiation  dam¬ 
age  case  occurred  in  1896,  only  a  year  after  the  discovery  of  x-rays,  yet  the  first  limits  con¬ 
cerning  x-ray  exposure  were  set  in  the  1920s.  Today,  both  national  and  international  groups 
exist  that  act  as  advisory  bodies*  to  the  appropriate  regulatory  agencies. 

Since  improperly  handled  radiation  may  produce  deleterious  effects  to  humans,  it  is 
important  that  individuals  who  use  radiation  sources  learn  the  fundamentals  of  dosimetry, 
definition  of  dose  units,  biological  effects  of  radiation,  standards  for  radiation  protection, 
and  operation  of  health  physics  instruments.  This  chapter  briefly  discusses  all  these  items. 
If  more  detailed  treatment  of  these  topics  is  needed,  consult  the  bibliography  and  references 
given  at  the  end  of  this  chapter. 

Although  the  SI  units  for  radiation  are  the  accepted  norms,  we  have  included  the  rem 
and  mrem  units  as  well,  for  both  historical  purposes  and  the  fact  that  in  the  United  States 
these  older  terms  are  still  widely  used  in  academic  institutions  and  the  nuclear  industry. 

16.2  UNITS  OF  EXPOSURE  AND  ABSORBED  DOSE 

Protection  of  individuals  against  radiation  necessitates  the  completion  of  three  tasks: 

1.  Construction  of  instruments  that  measure  the  intensity  of  radiation 

2.  Foundation  and  creation  of  radiation  units 

3.  Development  of  safe  radiation  exposure  limits  based  on  the  interactions  of  radiation 
with  biological  systems  and  the  ensuing  biological  effects 

A  radiation  effect  is  measured  in  terms  of  exposure  or  dose.  Exposure  is  defined  as 
charge  released  per  unit  mass  of  air.  Dose  is  defined  as  energy  absorbed  per  unit  mass  of 
material. 


International  Commission  on  Radiological  Units  and  Measurements  (ICRU);  International  Commission 
on  Radiological  Protection  (ICRP);  in  the  United  States,  the  National  Council  on  Radiation  Protection  and 
Measurements  (NCRP). 
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The  first  radiation  unit  to  be  defined  was  the  roentgen  (symbol  R)  having  the  following 
definition: 

1  R  =  exposure  due  to  x-rays  or  gamma  rays  of  such  intensity  that  the  electrons  produced 
by  this  radiation  in  1  cm3  of  dry  air,  at  standard  temperature  and  pressure,  generate  along 
their  tracks  electron-ion  pairs  carrying  a  total  charge  of  1  electrostatic  unit  (esu)  of  either 
sign 

The  SI  unit  of  exposure  is  defined  as  1  C/kg  air,  without  any  new  name  proposed  for  it. 
Numerically, 


1  R  =  2.58x  10-4  C/kg  air 

The  roentgen  suffers  from  two  limitations: 

1.  It  was  defined  in  terms  of  electromagnetic  radiation  (x-rays  and  y  rays)  only. 

2.  It  was  defined  in  terms  of  air  only. 

Radiation  protection  involves  other  types  of  radiation,  in  addition  to  photons,  and 
media  other  than  air  (e.g.,  human  tissue).  For  this  reason,  another  unit  was  defined,  called 
the  radiation  absorbed  dose  or  rad,  defined  as 

1  rad  =  100  erg/g 

The  SI  unit  of  absorbed  dose  is  the  gray  (Gy),  defined  as 

1  Gy  =  1  J/kg  =  100  rad 

The  rad  (or  the  Gy)  has  a  simple  definition  and  is  a  unit  independent  of  both  type  of 
radiation  and  material.  But  the  measurement  of  absorbed  dose  in  terms  of  rad  (or  Gy)  is 
neither  simple  nor  straightforward,  because  it  is  very  difficult  to  measure  energy  depos¬ 
ited  in  a  certain  mass  of  tissue.  Fortunately,  one  can  bypass  this  difficulty  by  measuring 
energy  deposited  in  air,  which  is  proportional  to  the  exposure,  and  then  relate  it  to  the 
absorbed  dose. 

The  measurement  of  exposure  is  achieved  by  using  ionization  chambers,  and  the  result 
is  given  in  roentgens.  Based  on  the  definitions  of  the  roentgen,  the  following  relationship 
can  be  established  between  roentgens  and  rads: 

1R  =  ^  293£SU10~3  X  X  109(i°n  pairs/esu)  x  34  (eV/ion/pair)  x  1.602  x  10~12(ergs/eV) 

=  88  (ergs/g)  =  0.88  rad  =  8.8  mGy 


If  D  is  the  absorbed  dose  in  air  and  X  is  the  exposure  in  air,  the  relationship  between 
the  two  is 


D  =  0.8826 


(16.1) 
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For  media  other  than  air,  the  relationship  between  D  and  X  is  obtained  as  follows.  The 
absorbed  dose  rate  in  material  i  is  (in  terms  of  energy  deposited  per  unit  mass  per  unit  time) 


A  =  (Kpart./m2-s)|ia(m2/kg)£(J/part.) 


(16.2) 


The  absorbed  dose  rate  in  air  is 


Air  =  <Kpart./m2-s)|ifl,air(m2/kg).E(J/part.) 


(16.3) 


The  ratio  of  Equation  16.2  to  Equation  16.3  gives 


A  =  — A,  =  -^(0.88)26 


(16.4) 


Equations  16.1  and  16.4  express  the  fact  that  the  measurement  of  absorbed  dose*  is  a 
two-step  process: 

1.  Exposure  (or  exposure  rate)  is  measured. 

2.  Absorbed  dose  (or  dose  rate)  is  calculated  from  the  measured  exposure  using 
Equation  16.4. 

In  practice,  the  instruments  that  measure  radiation  dose  are,  usually,  properly  cali¬ 
brated  to  read  rad  or  Gy. 


16.3  RELATIVE  BIOLOGICAL  EFFECTIVENESS:  DOSE 
EQUIVALENT 


The  units  of  absorbed  dose  defined  in  the  previous  section  are  quite  adequate  for  the  quan¬ 
titative  assessment  of  the  effects  of  radiation  to  inanimate  objects,  such  as  irradiated  tran¬ 
sistors  or  nuclear  reactor  materials.  For  the  protection  of  people,  however,  the  important 
thing  is  not  the  measurement  of  energy  deposited— that  is,  the  absorbed  dose— but  the 
biological  effects  due  to  radiation  exposure.  Unfortunately,  biological  effects  and  absorbed 
dose  do  not  always  have  one-to-one  correspondence,  and  for  this  reason,  a  new  unit  had  to 
be  defined:  a  unit  that  takes  into  account  the  biological  effects  of  radiation. 

The  ideal  unit  for  the  measurement  of  biological  effect  should  be  such  that  a  given 
dose,  measured  in  that  unit,  predicts  a  certain  biological  effect  regardless  of  the  type  and 
energy  of  radiation  and  also  regardless  of  the  biological  effect  considered.  Unfortunately, 
such  a  unit  cannot  be  established  because  of  the  different  modes  by  which  radiation  depos¬ 
its  energy  in  tissue,  the  intricate  way  by  which  the  energy  deposition  is  related  to  a  given 
biological  effect,  and  the  complexity  of  biological  organisms.  An  ideal  unit  may  not  exist, 
but  some  unit  that  "equalizes"  biological  effects  had  to  be  defined. 


Equations  16.2  and  16.3  give  dose  rate,  not  dose;  the  meaning  of  Equation  16.4,  however,  is  the  same  if  one  uses 
either  dose  or  dose  rate. 
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The  first  step  toward  that  task  was  the  introduction  of  a  factor  called  the  relative  bio¬ 
logical  effectiveness  (RBE),  defined  as 


Absorbed  dose  from  x-ray  or  gamma  radiation  (200  -  300  keV ) 
producing  a  certain  biological  effect 
Absorbed  dose  from  radiation  type  i 
producing  the  same  biological  effect 


(16.5) 


In  understanding  the  meaning  of  RBE,  note  the  following: 

1.  RBE  is  defined  in  terms  of  photons;  therefore,  it  follows  that  RBE  =  1  for  electro¬ 
magnetic  radiation.  Also,  although  the  definition  of  RBE  specifies  the  energy  of  the 
photons  to  be  200-300  keV,  RBE  is  taken  as  equal  to  1  for  photons  of  all  energies. 

2.  A  given  type  of  radiation  does  not  have  a  single  RBE,  because  RBE  values  depend 
on  the  energy  of  the  radiation,  the  cell,  the  biological  effect  being  studied,  the  total 
dose,  dose  rate,  and  other  factors. 

3.  It  is  a  well-known  fact  that  the  biological  damage  increases  as  the  energy  deposited 
per  unit  distance,  the  linear  energy  transfer  (LET),  increases.  Thus,  heavier  particles 
(alphas,  heavy  ions,  fission  fragments)  are,  for  the  same  absorbed  dose,  more  biologi¬ 
cally  damaging  than  photons,  electrons,  and  positrons. 

In  1963,  the  International  Commission  on  Radiological  Units  and  Measurements 
(ICRU)  proposed  the  replacement  of  RBE  by  a  new  factor  named  the  quality  factor  (QF). 
Here  is  an  excerpt  from  their  recommendation: 

In  radiation  protection  it  is  necessary  to  provide  a  factor  that  denotes  the  modification  of  the 
effectiveness  of  a  given  absorbed  dose  by  LET  (Linear  Energy  Transfer).  Unlike  RBE,  which  is 
always  experimentally  determined,  this  factor  must  be  assigned  on  the  basis  of  a  number  of 
considerations  and  it  is  recommended  that  it  be  termed  the  quality  factor  (QF).  Provisions  for 
other  factors  are  also  made.  Thus  a  distribution  factor  (DF)  may  be  used  to  express  the  modi¬ 
fication  of  biological  effect  due  to  non-uniform  distribution  of  internally  deposited  radionu¬ 
clides.  The  product  of  absorbed  dose  and  modifying  factors  is  termed  the  dose  equivalent,  [H). 

In  1973,  the  ICRU1  recommended  dropping  the  “F”  from  QF,  a  suggestion  that  has  now 
become  practice.  In  1977,  the  ICRP2  recommended  that  the  dose  equivalent  ( H )  at  a  point 
in  tissue  be  written  as 


H  =  NQD 


(16.6) 


where 

Q  =  quality  factor 
D  =  absorbed  dose 

N  =  product  of  all  the  modifying  factors.  The  suggested  value  of  N  is  1. 

RBE  is  now  used  only  in  radiobiology,  whereas  Q  is  used  in  radiation  protection.  A 
detailed  discussion  of  similarities  and  differences  between  the  two  factors  is  given  in 
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TABLE  16.1 

Reference  3.  For  the  radiations  and  energy  ranges  considered 

Quality  Factors  for  Several  Types  of 

in  this  book,  RBE  and  Q  are  practically  the  same,  and  from  this 

Radiation 

point  on,  only  the  factor  Q  will  be  mentioned.  Table  16.1  gives  Q 

Radiation  Type 

Q 

Radiation  Type 

Q 

values  for  various  radiations  commonly  encountered. 

y-Rays 

i 

Neutrons 

When  the  unit  of  absorbed  dose  is  multiplied  by  the  corre- 

X-Rays 

i 

Thermal 

3 

sponding  Q  value,  the  unit  of  dose  equivalent  (H)  is  obtained.  The 

Beta  particles 

i 

0.005  MeV 

2 

H  units  are 

Electrons 

i 

0.02  MeV 

5 

Positrons 

i 

0.10  MeV 

7.5 

1  rem  =  Q  x  1  rad 

Protons  (f<14  MeV) 

10 

0.50  MeV 

11 

Alpha  particles 

1 .00  MeV 

11 

and  the  SI  unit 

(£<10  MeV) 

20 

5.0  MeV 

8 

Recoil  nuclei  (A  >  4) 

20 

10  MeV 

6.5 

1  Sievert  (Sv)  =  Q  x  1  Gy 

Source:  1977  Recommendations  of  the  International 

Com  mis- 

sion  on  Radiological  Protection  (ICRP  Publication  26), 

Thus 

Pergamon, 

1977;  Standards  for  Protection 

against 

Radiation,  Code  of  Federal  Regulations,  Title  10,  Part  20, 

1  Sv  =  100  rem 

December  1 992,  Chapter  1 . 

Because  it  is  only  the  dose  equivalent  that  equalizes  biologi¬ 


cal  effects  from  different  types  and  energy  of  radiation,  only  Sv  (or  rem)  should  be  added, 
not  Gy  (or  rad);  Gy  or  rad  may  be  added  if  the  dose  is  due  to  two  or  more  sources  of  the 
same  radiation  type.* 


r 


■\ 


EXAMPLE  16.1 

At  the  open  beam  port  of  a  research  reactor,  the  absorbed  dose  rate  consists  of 
10  mrad/h  due  to  gammas,  10  mrad/h  due  to  fast  neutrons,  and  6  mrad/h  due  to  ther¬ 
mal  neutrons.  What  is  the  total  dose  a  person  will  receive  by  standing  in  front  of  the 
beam  for  5  s? 

Answer 

Calculate  the  dose  equivalent  H,  as  shown  below: 


From 

Absorption  Dose 
Rate  (mrad/h) 

Q 

H(mrem/h) 

/if(mSv/h) 

Gammas 

10 

1 

10 

0.1 

Fast  neutrons 

10 

10 

100 

1.0 

Thermal  neutrons 

6 

2 

12 

0.12 

Total 

122 

1.22 

The  ICRP  approved  in  1990  (ICRP  60;  1991)  a  change  from  “dose  equivalent”  to  “equivalent  dose”  and  instead 
of  using  the  quality  factors  “Q”  to  use  “tissue  weighting  factors.”  The  U.S.  Nuclear  Regulatory  Commission 
continues  to  use  the  old  terminology  of  quality  factors  and  dose  equivalent,  even  though  the  underlying  calcu¬ 
lations  have  changed  (10CFR20.1004.  US  Nuclear  Regulatory  Commission,  2009). 
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The  total  dose  received  by  the  individual  is 


H  =  122  mrem/h 


3600 


=  0.17  mrem  =  1.7  x  10“6Sv 


J 


16.4  DOSIMETRY  FROM  RADIATION  EXTERNAL 
TO  THE  BODY 

The  general  dosimetry  problem  is  defined  as  follows:  Given  the  intensity  of  the  radiation 
field  at  a  certain  point  in  space,  calculate  the  dose  rate  received  by  an  individual  standing 
at  that  point.  The  radiation  field,  outside  the  body,  is  assumed  to  be  known  in  terms  of  the 
type,  energy,  and  number  of  particles  involved.  The  calculation  that  follows  disregards  the 
possible  perturbation  of  the  field  from  the  presence  of  the  human  body.  The  calculation  is 
different  for  charged  particles,  photons,  and  neutrons. 

16.4.1  Dose  Rate  due  to  Charged  Particles 

Consider  a  point  in  space  where  it  is  known  that  the  charged-particle  radiation  field  is  given  by 

(] )(£)  dE  =  charged  particles  per  m2-  s  with  kinetic  energy  between  E  and  E  +  dE 

A  person  exposed  to  this  field  will  receive  a  radiation  dose  because  of  energy  deposited 
by  these  charged  particles.  The  dose  equivalent  rate  is  given  by 

H=  fc/£(|)(£)[part/(m2  •  s)]f  —  l(MeV/m) — (16.7) 
J  \  dx )  p(kg/m  ) 


where 

dE/dx  =  stopping  power  of  tissue  for  particles  of  energy  E 
p  =  density  of  tissue 

Q(E)  =  quality  factor  for  particles  of  energy  £ 

The  units  of  H  in  Equation  16.7  are  MeV/(kg  •  s).  To  obtain  the  result  in  Sv/s,  one  needs 
to  transform  MeV  to  J  (1  MeV  =  1.602  x  10~13  J). 

Most  of  the  time  in  practice,  the  radiation  field  is  computed  not  as  an  analytic  function 
<|>(£)  but  as  an  energy  group  distribution,  where 


g~ 

J  <| )(E)dE  =  number  of  particles  per  m2  •  s  with  energy  between  Eg  and  Eg_ 

E 


Using  this  “multigroup”  energy  structure,  Equation  16.7  takes  the  form 


H  = 


I 


—(Sv/s) 

P 


(16.8) 


www.Ebook777.com 


482  Measurement  and  Detection  of  Radiation 


where  G  is  the  total  number  of  energy  groups  and  Q  is  the  average  quality  factor  for  group 
g.  In  principle,  Equations  16.7  and  16.8  are  valid  for  any  charged-particle  flux  that  hits  a 
human  body  from  the  outside.  However,  for  the  particles  and  energies  considered  in  this 
book  (electrons,  positrons,  alphas,  E  <  10  MeV),  Equation  16.8  gives  the  following  dose  rate: 
For  a  beam  of  alphas,  H  is  just  the  dose  rate  to  the  skin,  since  these  alpha  particles  do  not 
have  enough  kinetic  energy  to  penetrate  the  skin;  for  a  beam  of  electrons  or  betas,  H  is  again 
the  dose  rate  to  the  skin;  but,  in  this  case  a  dose  to  the  body  is  delivered  to  a  depth  equal  to 
the  range  of  these  electrons  or  betas  in  tissue. 

The  division  between  electrons  and  betas  is  necessary  (although  beta  particles  are  elec¬ 
trons)  because  a  beam  of  electrons  with  kinetic  energy  E,  consists  of  monoenergetic  elec¬ 
trons  (every  electron  has  energy  E);  a  beam  of  beta  particles  of  energy  £  consists  of  electrons 
or  positrons  emitted  by  the  beta  decay  of  a  nucleus,  with  a  continuous  energy  spectrum,  0  < 
£<£max,  (see  Section  3.7.3),  and  an  average  energy  equal  to  ~l/3£max.* 

To  calculate  the  dose  rate  from  an  electron  or  a  beta  beam,  one  can  use  Equation  16.7 
or  16.8  with  Q(£)  =  1.  In  practice,  the  actual  calculation  is  shortened  by  using  tables  that 
provide  flux-to-dose-rate  conversion  factors  (Table  16.2).  In  terms  of  the  flux-to-dose-rate 
conversion  factors,  the  dose  rate  is  written  as 


H  =  jc(E)ty(E)dE 

E 


(16.9) 


TABLE  16.2 

Flux-to-Dose-Rate  Conversion  Factors  for  Electrons  and  Betas 


Electrons  Betas 


E£max(MeV) 

(Sv/s)/[Partides/ 
(m2  s)] 

(mrem/h)/ 

[Partides/(cm2s)] 

£(MeV)max 

(Sv/s)  [Particles/ 
(m2  s)] 

(mrem/h)/ 
[Partides/(cm2  s)] 

0.02 

2.1 04-1 3a 

0.758 

0.2 

1.160-13 

0.417 

0.100 

0.649-13 

0.234 

0.4 

0.772-13 

0.278 

0.200 

0.440-1 3 

0.158 

0.6 

0.578-13 

0.208 

0.300 

0.369-1 3 

0.133 

0.8 

0.433-13 

0.156 

0.400 

0.337-13 

0.121 

1 

0.386-13 

0.119 

0.600 

0.309-1 3 

0.111 

1.5 

0.330-13 

0.119 

0.800 

0.297-1 3 

0.107 

2 

0.317-13 

0.114 

1 

0.293-13 

0.105 

3 

0.303-13 

0.109 

2 

0.297-1 3 

0.107 

3 

0.303-13 

0.109 

5 

0.320-13 

0.115 

7 

0.324-13 

0.118 

10 

0.342-1 3 

0.123 

Source:  With 

kind  permission  from  Springer  Science+Business  Media:  Engineering  Compendium  on  Radiation 

Shielding,  Voi  1:  Shielding  Fundamentals  and  Methods,  1968. 
a  Read  as  2.104  x  1 0~' 3. 


A  more  accurate  equation  for  average  beta  energy  is  given  in  Reference  6. 


www.Ebook777.com 


Health  Physics  Fundamentals  483 


or,  in  terms  of  energy  groups, 


H  = 


G 


£=1 


with  the  group  conversion  factor  defined  by 


Ce 


(16.10) 


(16.11) 


16.4.2  Dose  Rate  due  to  Photons 

The  dose  rate  due  to  a  beam  of  photons  is  calculated  based  on  an  equation  similar  to 
Equation  16.7: 


H  =  J  dE^E)E\if  (£)(Sv/s)  (16.12) 

E 

where  p.fs(£)  (m2/kg)  =  energy  absorption  coefficient  in  tissue  for  a 
photon  of  energy  E. 

Note  the  two  main  differences  between  Equations  16.7  and  16.12. 
For  photons,  (a)  Q{E)  =  1  and  (b)  dE/dx  is  replaced  by  the  product  E\\.a 
( E ).  As  with  charged  particles,  the  analytic  form  of  c| )(£)  and  p.a(£)  is 
seldom  known.  Instead,  one  has  to  work  with  a  set  of  energy  groups, 
and  Equation  16.12  takes  the  form 

H  =  5>£^  (£,)( Sv/s)  (1613) 

g 


where  (|>  and  Eg  have  the  same  meaning  as  before  (see  16.4.1). 

As  with  charged  particles,  tables  have  been  developed  that  pro¬ 
vide  a  flux-to-dose-rate  conversion  factor  as  a  function  of  photon 
energy  (Table  16.3  and  Figure  16.1).  The  units  of  the  conversion  factor 
given  in  Table  16.3  are  (Sv/s)/(gamma/m2-s).  To  convert  to  (rem/h)/ 
(gamma/cm2  -  s),  multiply  by  (100)  (3600)  (104),  which  equals  3.6  x  109. 
Using  the  conversion  factor  C(£),  Equations  16.12  and  16.13  take  the 
form 


H  =  Ji£(|)(£)C(£)(Sv/s) 

E 


(16.14) 


H  = 


£=1 


(16.15) 


TABLE  16.3 

Gamma-Ray  Flux-to-Dose-Rate 
Conversion  Factors 

Photon  Energy  (MeV)  (Sv/s)/[Partkles/(m2  s)] 

0.01 

2.20-18 

0.015 

5.70-18 

0.02 

9.12-18 

0.03 

1.38-17 

0.05 

1.80-17 

0.08 

2.20-17 

0.10 

2.37-17 

0.15 

4.36-17 

0.20 

6.02-17 

0.30 

9.49-17 

0.40 

1.30-16 

0.50 

1.64-16 

0.60 

1.98-16 

0.80 

2.64-16 

1.0 

3.27-16 

1.5 

4.68-16 

2.0 

5.93-16 

3.0 

8.19-16 

4.0 

1.02-15 

5.0 

1.21-15 

6.0 

1.40-15 

8.0 

1.78-15 

10.0 

2.16-15 

Source: 

Annals  of  the  ICRP,  Data  for  Use  in  Protection  of 
the  International  Commission  on  Radiological 
Protection,  Publication,  Vol.  1 7,  No.  2/3  Pergamon 
Press,  1 987.  With  permission. 

www.Ebook777.com 


484  Measurement  and  Detection  of  Radiation 


0.01 


0.10  1.00 
Photon  energy  (MeV) 


2.17E-15 


2.17E-16 


2.17E-17 


2.17E-18 
10.00 


FIGURE  16.1  Photon  flux-to-dose  factors  from  0.01  to  10  MeV.  (From  Neutron  and  Gamma-Ray 
Flux-to-Dose  Rate  Factors,  American  National  Standard,  ANSI/ANS-6.1.1, 1991.  With  permission.) 


/ - \ 

EXAMPLE  16.2 

What  is  the  dose  rate  1  m  away  from  3.7  x  1010  Bq  (1  Ci)  of  137Cs  if  (a)  the  attenuating 
medium  is  water  or  (b)  the  attenuating  medium  is  air?  ,37Cs  emits  a  0.662-MeV  gamma 
0.85%  of  the  time. 

Answer 

In  both  cases,  the  dose  rate  is  calculated  by  using  Equation  16.15  with  a  dose-to-flux 
conversion  factor  obtained  from  Table  16.3  for  0.662-MeV  gammas. 

Using  linear  interpolation,  that  factor  is  2.185  x  10“16  (Sv/s)/[y/(m2 ■  s)]. 

The  flux  at  r  meters  from  the  source  is  given  by  [Se~^IAnr2]  x  B 

where 

B  =  buildup  factor  (from  Appendix  E) 

S  =  source  strength 

|i  =  total  attenuation  coefficient  for  0.662-MeV  gammas  in  air  or  water 
From  Appendix  E,  the  buildup  factor  is 

B  =  1  +  a  pr  [exp(£>  (ir)] 

where  (using  linear  interpolation)  a  =  1 .96  and  b  =  0.054. 

a.  For  water,  the  value  of  the  total  attenuation  coefficient  is  (from  Appendix  D, 
using  linear  interpolation) 

p  =  0.0861  cm2/g  =  0.00861  m2/kg 
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The  number  of  mean  free  paths  (mfps)  in  water  is 

gr=  (0.00861  m2/kg)  (103  kg/m3)  (1  m)  =  8.61  mfp 

Thus, 

B  (water)  =  1  +  (1.96)  (8.61)  [exp  (8.61  x  0.054)]  =  27.86 
The  dose  rate  in  water,  at  1  m  away  from  the  source,  is 


H  =  D  =  (27.86)  (3.7 xIO10)  (xO.85) 


e-8.6, 

471  (I2) 


y/m2  ■  s 


(2 .2  x  1 0~16(Sv/s)/[y/m2  ■  s]) 


=  2.80x10  9  Sv/s  =  1 .01  mrem/h 


b.  For  air,  the  value  of  the  total  attenuation  coefficient  is  (from  Appendix  D,  using 
linear  interpolation) 

p  =  0.082  cm2/g  =  0.0082  m2/kg 
pr  =  (0.0082  m2/kg)  (1 .29  kg/m3)  (1  m)  =  0.01  mfp 
The  buildup  factor  is 

B  (air)  =  1  +  (1.96)(0.01)[exp(0.01  x  0.054)]  =  1.02 
The  dose  rate  in  air  is 


H  =  D  =  (l.02)(3.7  x  1010)(x0.85) 


47t(12) 

x  (2.2  x  10“16(Sv/s)/[y/m2-s]) 

=  556  x  1 0~9  Sv/s  =  0.20  rem/h 


-0.01 

y/m2  •  s 


J 


As  pointed  out  in  Section  4.8.6,  where  buildup  factors  are  defined  and  discussed  in 
detail,  the  value  of  the  buildup  factor  is  significantly  greater  than  1  if  the  distance  in  mfps  is 
significantly  greater  than  1.  In  Example  16.2,  the  distance  in  water  is  8.61  mfp  and  B  =  27.86, 
while  in  air  the  distance  is  0.01  mfp  and  B  =  1.02. 

The  buildup  factor  constants  given  in  Appendix  E  apply  to  a  point  isotropic  source  in 
an  infinite  medium  (Example  16.2  is  such  a  case).  The  same  constants  can  be  used,  however, 
in  other  geometries  if  no  better  values  are  available. 

For  example,  one  could  use  the  constants  given  in  Appendix  E  to  calculate  the  dose  rate 
from  a  point  isotropic  source  in  a  semi-infinite  medium  or  from  a  point  isotropic  source 
located  behind  a  slab  shield.  In  such  cases,  the  use  of  the  constants  from  Appendix  E  results 
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in  an  overestimate  of  the  buildup  factor.  Buildup  factors  for  many  different  geometries  are 
given  in  Reference  5. 

16.4.3  Dose  Rate  due  to  Neutrons 

Neutrons  hitting  the  human  body  deliver  energy  to  it  through  elastic  and  inelastic  colli¬ 
sions  with  nuclei,  and  through  secondary  radiation  emitted  by  the  radioisotopes  produced 
after  neutrons  are  captured. 

If  an  individual  is  exposed  to  fast  neutrons,  most  of  the  energy  transfer  takes  place 
through  elastic  collisions  with  hydrogen  (-90%)  and,  to  a  lesser  extent,  through  collisions 
with  oxygen  and  carbon  nuclei  (the  average  neutron  energy  loss  per  collision  with  hydro¬ 
gen  (proton)  is  50%  of  the  incident  neutron  energy;  the  corresponding  fractions  for  carbon 
and  oxygen  are  14%  and  11%).  These  “recoil”  nuclei  are  charged  particles,  which  lose  their 
energy  as  they  move  and  slow  down  in  tissue.  This  is  true  for  neutron  energies  down  to  about 
20  keV.  When  the  neutron  energy  reaches  or  becomes  lower  than  a  few  keV,  the  importance 
of  elastic  collisions  decreases,  and  the  reaction  14N(«,  p)14C  produces  more  significant  effects. 
As  discussed  in  Chapter  14,  this  is  an  exothermic  reaction  producing  protons  with  kinetic 
energy  of  584  keV.  Radioactive  14C  is  also  produced,  emitting  betas  with  a  maximum  energy 
of  156  keV.  The  biological  damage  comes  mainly  from  the  protons,  not  from  the  betas  of  14C. 

Thermal  neutrons  are  absorbed  in  the  body  mainly  through  the  reaction  4H (n,  y)2H, 
which  results  in  the  emission  of  a  2.2-MeV  gamma.  A  reaction  of  secondary  importance  is 
23Na(«,  y)24Na.  The  isotope  24Na  has  a  15-h  half-life  and  emits  two  energetic  gammas  with 
energy  1.37  and  2.75  MeV.  Thus,  when  thermal  neutrons  are  absorbed,  damage  is  caused 
by  the  energetic  gammas  that  are  produced  as  a  result  of  the  neutron  capture. 

The  general  equation  for  the  dose  rate  has  the  form 


1VI 

7f(r,£)=^<|)(r,£) 


I  i(£) 


2  AE 

(21  ^D2 


+  I^/t'£'+I<,Q<+-  Q(£)  (Sv/s)  (16.16) 


where 

tp  (r,  E )  =  neutron  flux  [«/(m2  •  s)]  at  point  r,  of  neutrons  with  energy  E 
£‘(£)  =  macroscopic  cross  sections,  for  neutrons  of  energy  E,  for  elastic  scattering  (£s), 
capture  (2y),  charged-particle-producing  reactions  (£  ),  and  so  on,  for  isotope  i 
M  =  total  number  of  isotopes  present 
fy=  fraction  of  gamma  energy  deposited  at  the  capture  site 

Qi  =  the  Q  value  of  the  charged-particle  reaction;  all  Q,  are  assumed  to  be  deposited  at 
the  site  of  the  reaction 

Q(E)  =  quality  factor  for  neutrons  of  energy  E 

Equation  16.16  ignores  inelastic  scattering,  which  is  negligible  for  neutrons  in  tissue 
for  the  energies  considered  here.  If  neutrons  of  many  energies  are  present,  the  calculation 
should  be  repeated  for  all  energies,  and  the  results  summed  to  give  the  total  dose  rate. 
Flux-to-dose-rate  conversion  factors  have  been  developed  for  neutrons  as  well  (Table  16.4, 
Figures  16.2  and  16.3).  Using  the  conversion  factor,  Equation  16.16  takes  the  form 

H(r,E)  =  <\ )(r,E)C(E)  (16.17) 
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TABLE  16.4 

Neutron  Flux-to-Dose-Rate  Conversion  Factors 

Neutron  Energy  (MeV) 

(Sv/s)/[Neutrons/(m2  s)] 

(rem/h)/[Neutrons/(cm2  s)] 

2.5-083 

1 .02-1 5 

3.67-06 

1 .0-07 

1.02-15 

3.67-06 

1 .0-06 

1.23-15 

4.44-06 

1 .0-05 

1.23-15 

4.44-06 

1 .0-04 

1.19-15 

4.28-06 

1.0-03 

1 .02-1 5 

3.67-06 

1 .0-02 

9.89-16 

3.56-06 

1.0-01 

5.89-15 

2.12-05 

5.0-01 

2.56-14 

9.23-05 

1.0 

3.69-14 

1 .33-04 

2.5 

3.44-14 

1 .24-04 

5.0 

4.33-14 

1 .56-04 

7.0 

4.17-14 

1 .50-04 

10.0 

4.17-14 

1 .50-04 

14.0 

5.89-14 

2.12-04 

20.0 

6.25-14 

2.25-04 

Source:  Standards  for  Protection  against  Radiation,  Code  of  Federal  Regulations,  Title  10,  Part  20, 
December  1 992,  Chapter  1 . 
a  Read  as  2.5  x  1 0~®. 


FIGURE  16.2  Neutron  flux-to-dose-rate  factors  for  energies  10~8-10“2  MeV.  (From  Neutron  and 
Gamma-Ray  Flux-to-Dose  Rate  Factors,  American  National  Standard,  ANSI/ANS-6.1.1, 1991.  With 
permission.) 
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FIGURE  16.3  Neutron  flux-to-dose-rate  factors  for  energies  10~2  to  20  MeV.  (From  Neutron  and 
Gamma-Ray  Flux-to-Dose  Rate  Factors,  American  National  Standard,  ANSI/ANS-6.1.1, 1991.  With 
permission.) 


If  the  neutron  spectrum  is  known  in  terms  of  energy  groups,  Equation  16.17  becomes 

G 

H(r)  =  £CA  (16.18) 

5=i 


Although  Equation  16.16  is  not  normally  used  for  everyday  dose  calculations,  (Equation 
16.8  is  used  instead)  it  is  instructive  to  present  it  so  that  the  reader  may  comprehend  the 
various  contributors  to  the  neutron  dose. 


f - \ 

EXAMPLE  16.3 

At  the  open  beam  port  of  a  research  reactor,  the  neutron  flux  at  a  certain  power  level 
consists  of  1.6  x  108  neutrons/(m2  •  s)  with  energy  100  keV,  and  3.5  x  108  n/(m2  ■  s)  with 
an  average  energy  of  0.0253  eV.  What  is  the  total  dose  rate  at  that  point? 

Answer 

Using  Table  16.4,  the  dose  rate  is 

H  =  (1.6  x  10s)(5.89  x  10"15)  +  (3.5  x  1  0s  n/m2  •  s)(1.02  x  1 0-15) 

=  1 .30  x  1  0~6  Sv/s  =  0.468  rem/h 

v _ / 
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16.5  DOSIMETRY  FOR  RADIATION  INSIDE  THE  BODY 

16.5.1  Dose  Rate  from  a  Source  of  Charged  Particles  inside 
the  Body 

If  the  charged  particles  (e,  p,  a)  are  created  or  deposited  inside  the  body,  the  calculation 
of  the  dose  rate  is  easier  because  the  range  of  the  particles  considered  (energy  less  than 
10  MeV)  is  millimeters  or  less  and  all  the  energy  is  deposited  in  a  very  small  volume.  (In 
the  case  of  electrons,  a  fraction  of  the  energy  escapes  as  bremsstrahlung,  but  it  represents  a 
small  correction;  neglecting  bremsstrahlung,  one  obtains  a  conservative  answer.)  The  dose 
rate  equivalent  is  given  in  this  case  by 


(16.19) 


(Sv/s) 


H  = 


(Mass  in  which  the  particle  energy  was  deposited) 


where 


S{E)dE  =  number  of  particles  emitted  per  second  (activity)  with  energy  between  E  and 


E  +  dE. 


If  the  particle  spectrum  is  known  in  multigroup  form,  Equation  16.19  becomes 


H  =  /mass 


(16.20) 


g 


with 


Sg  =  jdES(E) 


If  the  charged-particle  source  is  localized,  that  is,  it  can  be  considered  a  point  isotropic 
source,  the  mass  in  the  denominator  of  Equation  16.20  is  equal  to 


4 

Mass  where  energy  was  deposited  =  —nR3p 


where 

R  =  range  of  charged  particle  in  tissue 
p  =  density  of  tissue 

If  the  source  is  deposited  in  an  organ,  for  example,  brain,  liver,  thyroid,  spleen,  and  so  on, 
then  the  mass  in  the  denominator  of  Equation  16.20  is  the  mass  of  that  organ  and  the  result 
of  this  calculation  is  the  average  dose  rate  for  this  organ.  By  using  the  mass  of  the  organ,  the 
tacit  assumption  is  made  that  all  the  energy  emitted  by  the  radioactive  source  is  absorbed 
in  that  volume.  It  is  a  conservative  estimate,  since  some  particles  will  be  borne  very  close  to 
the  surface  of  the  organ  and  escape  from  it  after  depositing  only  part  of  their  energy  there. 
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r 


EXAMPLE  16.4 

What  is  the  dose  rate  in  tissue  from  1  pCi  of  an  alpha  source  emitting  6-MeV  alphas? 

Answer 

The  range  of  this  alpha  particle  in  tissue  is  4.7  x  10-5  m.  Thus, 

^  _  (3.7x1 0~2q/s)(6MeV/a)(1 .602  x  1 0~13  J/MeV)(20) 

(4/3)71(4.7  x  1 0'5)3(1 03  kg/m3) 

=  1 .64  x  1 0“3  Sv/s  =  589  rem/h 

This  is  an  extremely  large  dose  rate,  the  result  of  the  energy  being  deposited  in  a 
very  small  volume. 


( - \ 

EXAMPLE  16.5 

What  is  the  dose  rate  due  to  the  alphas  of  Example  16.4  if  it  is  known  that  the  source  is 
uniformly  distributed  in  the  lungs? 

Answer 

In  this  case,  the  mass  affected  is  that  of  the  lungs,  which  is  (for  a  70-kg  person)  about 
1  kg.  The 

^  _  3.7  x  10“2  x  6  x  1.602  x  10“13  x  20 
~  1 
=  7.11  x  1 0“13 Sv/s  =  2.56  x  10“7 rem/h 

V _ 


r 


EXAMPLE  16.6 

What  is  the  dose  rate  to  the  thyroid  gland  due  to  the  betas  emitted  by  1  mCi  of  13,l? 

Answer 

The  isotope  ,31l  emits  two  betas,  one  with  £™ax  =  0.606  MeV,  85%  of  the  time,  and  a 
second  with  £™x  =  0.340  MeV,  13%  of  the  time.  The  range  of  these  betas  in  tissue  is 
about  2  and  0.9  mm,  respectively. 

The  thyroid  gland  has  a  mass  of  about  0.020  kg  (i.e.,  a  volume  of  about  20  cm3); 
therefore,  all  the  beta  energy  will  be  deposited  in  it. 

The  dose  rate  is  obtained  using  Equation  16.20: 


3.7x1  07[0.85  x  (0.606/3)  +  0.1 3  x  (0.340/3)]  x  1 .602  x  1  0~13 
20  x  10“3 


=  20  rem/h 


5.52  x10“s  Sv/s 


J 
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16.5.2  Dose  Rate  from  a  Photon  Source  inside  the  Body 

Since  photons  have,  essentially,  an  infinite  range,  the  previous  calculation  for  charged 
particles  does  not  apply.  A  source  of  photons  located  anywhere  in  the  body  will  deliver 
some  dose  to  all  the  other  parts  of  that  body.  The  calculation  of  the  dose  rate  proceeds 
as  follows. 

Consider  an  internal  organ  containing  a  uniform  concentration  of  a  radioisotope  emit¬ 
ting  a  gamma  with  energy  E  at  the  rate  of  Sv[y/(s  ■  m3)]  inside  the  volume  Vs,  called  the 
source  volume  (Figure  16.4).  The  dose  rate  received  by  another  organ  with  volume  Vv  called 
the  target,  is  given  by  the  expression 

vs  f  v,(MK/47tr2)e_(irrY/(m2s)l£(MeV/Y)ltfs(m2/kg)5(|ir)p(l<g/m3)  dVT 

— - 5 -  (16.21) 

p(kg/m  )VT 

x  1.602  x  1(T13  J/MeV 


where 

p  =  total  linear  attenuation  coefficient  in  tissue  for  gammas  of  energy  E 
Pa“s  =  mass  energy  absorption  coefficient  in  tissue  for  gammas  of  energy  £ 
B(pr)  =  B{\xr,  E)  =  buildup  factor  for  gammas  of  energy  E,  in  tissue 
p  =  density  of  tissue 

H  =  dose  rate  in  Sv/s  (also  Gy/s,  since  Q  =  1  for  photons) 

Or,  pulling  out  of  the  integral,  the  quantities  that  are  constant  in  space, 
Equation  16.21  becomes 


D  =  H=  Sv  E^Tg  (16.22) 

471 


The  quantity 


FIGURE  16.4  The  geometry  used  in  the 
calculation  of  the  dose  to  a  target  organ 
(VT)  from  a  radioisotope  uniformly  distrib¬ 
uted  in  another  volume  (l/s). 


If  f  e~v 
g  =  —  J  dVr]dVs-^B(iir,E) 

T  vT  vs 


(16.23) 


is  called  the  geometry  factor.  Note  that  the  factor  g  has  dimensions  of  length.  Values  of  g 
have  been  calculated  and  tabulated  (see  Cember  and  Johnson,  2008).  The  usefulness  oi  g 
stems  from  the  fact  that  g  values  can  be  calculated  for  a  relatively  small  number  of  cases  and 
then,  by  interpolation,  other  geometry  factor  values  may  be  computed  and  used.  Once  g  is 
known,  the  dose  rate  to  an  organ  can  be  calculated  from  Equation  16.22,  and  such  calcula¬ 
tion  will  have  an  uncertainty  mainly  from  the  value  of  g.  There  is  a  certain  similarity  in  the 
use  of  g  and  the  use  of  buildup  factors.  Buildup  factors  are  also  tabulated  for  a  limited  num¬ 
ber  of  cases,  and  additional  values  are  obtained  by  interpolation. 

One  common  case  utilizing  the  concept  of  the  geometry  factor  is  the  calculation  of  the 
dose  rate  in  an  organ  from  a  radioisotope  deposited  in  that  organ.  For  example,  what  is  the 
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TABLE  16.5 

Average  Geometry  Factors  for  Cylindrical  Organs  Containing  a  Uniformly 
Distributed  Photon  Source 


Radius  of  Cylinder  (cm) 


Cylinder  Height  (cm) 

3 

5 

10 

IS 

20 

25 

30 

35 

2 

17.5 

22.1 

30.3 

34.0 

36.2 

37.5 

38.6 

39.3 

5 

22.3 

31.8 

47.7 

56.4 

61.6 

65.2 

67.9 

70.5 

10 

25.1 

38.1 

61.3 

76.1 

86.5 

93.4 

98.4 

103 

20 

25.7 

40.5 

68.9 

89.8 

105 

117 

126 

133 

30 

25.9 

41.0 

71.3 

94.6 

112 

126 

137 

146 

40 

25.9 

41.3 

72.4 

96.5 

116 

131 

143 

153 

60 

26.0 

41.6 

73.0 

97.8 

118 

134 

148 

159 

80 

26.0 

41.6 

73.3 

98.4 

119 

135 

150 

161 

100 

26.0 

41.6 

73.3 

98.5 

119 

136 

150 

162 

Source:  Hine,  G.  J.  and  Brownell,  G.,  Radiation  Dosimetry,  Academic  Press,  New  York,  1 956.  With  permission. 


dose  rate  to  the  thyroid  from  radioactive  iodine  given  to  a  patient?  If  the  organ  is  further 
assumed  to  be  spherical,  Equation  16.23  takes  the  simple  form  (B  =  1  in  this  case). 


g  = 


R 

j4nr2dr 


o 


4n 


(1-e-^) 


(16.24) 


Using  this  value  of  g  with  Equation  16.22  gives  the  dose  rate  at  the  center  of  the  sphere. 
To  obtain  the  average  dose  rate,  an  average  value  of  g  should  be  used.  For  a  sphere,  the  aver¬ 
age  value  of  the  geometry  factor  is  (see  Cember  and  Johnson,  2008) 


&  =  °-75U)center 


(16.25) 


Average  geometry  factors  for  cylindrical  bodies  are  given  in  Table  16.5.  An  example  of 
using  geometry  factors  is  given  in  Section  16.6  (Example  16.8). 

The  equations  given  above  for  the  dose  rate  from  photons  are  valid  for  monoener- 
getic  sources.  If  the  deposited  radioisotope  emits  many  discrete  gammas  or  if  a  multigroup 
energy  spectrum  of  the  source  is  provided,  the  calculation  should  be  repeated  for  all  gam¬ 
mas  (or  groups)  and  the  results  added  to  obtain  the  total  dose  rate. 


16.5.3  Dose  Rate  from  a  Neutron  Source  inside  the  Body 

It  is  unlikely  that  a  neutron  source  will  be  inhaled  or  ingested.  But,  if  such  an  event  occurs, 
the  dose  rate  calculation  will  follow  the  same  procedure  as  for  photons  (Section  16.5.2)  with 
energy  deposition  from  neutrons  based  on  Equation  16.16. 
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16.6  INTERNAL  DOSE  RATE  TIME  DEPENDENCE: 
BIOLOGICAL  HALF-LIFE 

Radioisotopes  may  enter  the  body  by  inhalation,  drinking,  eating,  injection,  or  through 
broken  skin  (wound).  If  the  radiation  source  is  inside  the  body,  the  exposure  is  internal  and 
more  damaging.  No  attenuation  is  provided  by  skin  or  clothes,  and  the  person  cannot  walk 
away  from  the  source.  The  exposure  continues  until  the  radioisotope  decays  completely  or 
is  excreted  by  the  body. 

A  radioisotope  is  rejected  by  the  body  at  a  rate  that  depends  upon  the  chemical  proper¬ 
ties  of  the  element.  All  isotopes  of  the  same  element  are  rejected  at  the  same  rate,  whether 
they  are  stable  or  not.  For  most  radioisotopes,  the  rate  of  rejection  is  proportional  to  the 
amount  of  the  isotope  in  the  body.  This  leads  to  an  exponential  elimination  law  as  a  result 
of  the  combination  of  decay  and  rejection.' 

Let 

N{t)  =  number  of  radioactive  atoms  at  time  t 
XR  =  radiological  decay  constant 
XB  =  biological  decay  constant 

=  probability  of  rejection  (by  the  body)  per  atom  per  unit  time 
The  rate  of  change  of  N(t)  is  dN{t)ldt  =  -XRN(t)-XBN(t),  with  solution 

N(t)  =  N(  0)f«+u)‘  =  N(  0)e~Kt  (16.26) 


where  Xe  =  Xg  +  XB  =  effective  decay  constant. 

A  biological  half-life  is  defined  in  terms  of  XB: 


Tr  = 


In  2 


(16.27) 


and  an  effective  half-life  is  defined  by 


TbTr 
Tb  +  Ts 


In  2 

XT 


(16.28) 


The  combination  of  radiological  and  biological  elimination  of  a  radioisotope  is  similar 
to  the  decay  by  multiple  modes  (see  Section  3.8). 

The  biological  excretion  rate  of  an  element  from  the  human  body  is  not  necessarily  the 
same  for  the  whole  body  or  for  all  organs.  In  fact,  in  most  cases,  the  biological  elimination 
rates  are  different  for  different  organs  and  for  the  body  as  the  whole.  For  example,  the  bio¬ 
logical  half-life  of  iodine  is  138  days  for  rejection  from  the  thyroid,  7  days  for  the  kidneys,  14 
days  for  the  bones,  and  138  days  for  the  whole  body.  For  this  reason,  a  table  of  biological  and 
effective  half-lives  ought  to  include  the  organ  of  reference.  Table  16.6  gives  radiological,  bio¬ 
logical,  and  effective  half-lives  for  certain  common  isotopes.  The  reader  should  remember 


Other  rejection  laws  have  been  proposed  (References  8  and  9). 
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TABLE  16.6 

Radiological,  Biological,  and  Effective  Half-Lives  of  Certain  Common  Isotopes 


Isotope 

Organ  of  Reference 

Radiological  Half-Life 

Biological  Half-Life 

Effective  Half-Life 

3H 

Total  body 

12.3  years 

1 2  days 

1 2  days 

,4C 

Total  body 

5700  years 

1 0  days 

1 0  days 

Fat 

1 2  days 

1 2  days 

Bone 

40  days 

40  days 

32P 

Total  body 

14.3  days 

257  days 

1 3.5  days 

Liver 

1 8  days 

8  days 

Bone 

1115  days 

14.1  days 

Brain 

257  days 

1 3.5  days 

40K 

Total  body 

1.28  xIO9  years 

58  days 

58  days 

55Fe 

Total  body 

1 1 00  days 

800  days 

463  days 

Spleen 

600  days 

388  days 

Lungs 

3200  days 

81 9  days 

Liver 

554  days 

368  days 

Bone 

1 680  days 

665  days 

57Fe 

Total  body 

45.1  days 

800  days 

42.7  days 

99mTc 

Total  body 

0.25  days 

1  day 

0.2  day 

Kidneys 

20  days 

0.25  day 

Lungs 

5  days 

0.24  day 

Skin 

1 0  days 

0.24  day 

Liver 

30  days 

0.25  day 

Bone 

25  days 

0.25  day 

129| 

Total  body 

1.726  x  107  years 

1 38  days 

1 38  days 

Thyroid 

1 38  days 

1 38  days 

Kidneys 

7  days 

7  days 

Liver 

7  days 

7  days 

Spleen 

7  days 

7  days 

Testes 

7  days 

7  days 

Bone 

14  days 

1 4  days 

131 1 

Thyroid 

8  days 

1 38  days 

7.6  days 

733  u 

Total  body 

7.12  x  10s  years 

1 00  days 

1 00  days 

Kidneys 

1 5  days 

1 5  days 

Bone 

300  days 

300  days 

238U 

Total  body 

4.66  x  109  years 

1 00  days 

1 00  days 

239Pu 

Total  body 

24,000  years 

1 75  years 

1 75  years 

Liver 

82  years 

82  years 

Kidneys 

87.7  years 

87.7  years 

Source:  Report  of  the  ICRP  Committee  II  on  Permissible  Dose  for  Internal  Radiation  (1959).  Health  Phys.,  3:146;  June 
1960.  With  permission. 


that  the  biological  half-life  is  the  same  for  all  isotopes  of  the  same  element,  but  the  effective 
half-life  is  not. 

If  TB  »  Tr,  the  decay  removes  the  material  much  faster  than  the  body  rejects  it.  An 
example  of  such  a  case  is  131I,  with  TB  =  138  days  (thyroid),  Ts  =  8  days,  and  Te  =  7.6  days.  If 
TB  <K  Ts,  the  biological  elimination  is  mainly  responsible  for  the  removal  of  the  isotope.  An 
example  of  such  a  case  is  tritium,  with  TB  =  12  days,  TR  =  12  years,  and  Te  =  12  days. 
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As  a  result  of  the  combined  radioactive  and  biological  elimination  of  a  radioisotope 
from  the  whole  body  or  from  an  organ,  the  dose  rate  to  the  body  or  the  organ  from  an 
internal  source  is  not  constant  over  time.  Consider  an  amount  of  a  certain  radioisotope 
that  delivers  a  dose  rate  equal  to  H(  0)  at  the  time  the  radioisotope  entered  the  body.  If  the 
effective  half-life  of  the  isotope  is  Te,  the  total  dose  delivered  over  a  period  of  time  T,  taken 
as  50  years  for  regulatory  limits,  is 

T 

Ht  =  J/f(o)eurft  -  ^(1  -  eu)  =  -  eln2(r/re))  (16.29) 


If  T  »  Te,  then 


Ht 


H(°)T 

1  1  e 


(16.30) 


r 


EXAMPLE  16.7 

What  is  the  total  dose  received  by  an  individual  who  drank,  accidentally,  10~7  kg  of  :iH20? 

Answer 

Assuming  that  the  3H20  is  uniformly  distributed  in  the  body,  the  dose  rate  at  the 
time  of  the  accident  [t=  0)  is  given  by  Equation  16.20.  Tritium  is  a  beta  emitter  with 
£max  =  18.6  keV,  TR  =  12  years,  and  TB=  12  days.  At  t  =  0,  the  source  strength  (i.e.,  the 
activity)  is 


5  =  NX  =  (l0  7  kg) (2  atm/molecule) 


6.022  x  1023  molecules/mol 
22  x  1 0“3  kg/mol 


In  2 


=  1.00  x  10'°Bq  =  271  mCi 


1 2(3.1 5  x  1 0)7 

Considering  an  average-size  person  (70  kg),  the  dose  rate  at  t  =  0  is 


H 


[l  0’°(0.01  86/3)MeV/s](1 .602  x  1  0“13  J/MeV)(1) 
70  kg 


=  1 .42  x  1  0  4  Sv/s  =  51  mrem/h 

The  total  dose  is  obtained  by  using  Equation  16.30  (with  7=  50  years): 

1 .42  x  1  0“7  Sv/s  , 


Hr  = 


In  2 

=  0.21 2Sv  =  21.2  rem 


(1 2 days)  (86,400  s/day) 


J 
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r 


EXAMPLE  16.8 

A  patient  was  given  10  pCi  of  ,3'l  in  an  attempt  to  kill  a  thyroid  tumor.  Assuming 
that  all  the  iodine  is  concentrated  in  the  thyroid,  calculate  (a)  the  dose  rate  to  the 
patient  at  the  time  of  the  injection  and  (b)  the  total  dose  received  by  this  patient. 
131I  emits  0.364  MeV  gammas  82%  of  the  time  and  two  groups  of  betas;  0.606  MeV 
betas  85%  of  the  time  and  0.340  MeV  13%  of  the  time.  For 131 1,  TR  =  8  days,  TB  =  138 
days;  mass  of  the  thyroid  is  0.020  kg.  The  radius  of  the  thyroid,  taken  as  a  sphere,  is 
R  =  16.8  mm. 

Answer 

a.  The  dose  rate  from  the  betas  will  be  obtained  with  the  assumption  that  all  the 
beta  energy  is  deposited  in  the  thyroid.  Thus, 

D  _  ^  _  Energy/s  _  3  7  x  1 Q5  0-85(0.606/3)  +  0.1  3(0.340/3)  x  (1 .602  x  1 0~13)  J/s 
Mass  20  x  1  0“3  kg 

=  5.52  x  1  0“7  Sv/s  =  0.1 99  rem/h 

The  dose  rate  from  gammas  is  given  by  Equation  16.22,  and  g  is  calculated  using 
Equations  16.24  and  16.25. 

b.  For  0.364-MeV  gammas  in  tissue,  p =  Ptot  =  0.01 01  m2/kg  =  0.1 01  cm-1, 
pa  =  0.00325  m2/kg.  The  volumetric  gamma  source  strength  needed  for  Equation 
16.22  is 


Sv  =  3.7  x  1 05/20  x  1  0“6  =  1 .85  x  1 010  Bq/m3 

—  4- 71  n 

g  =  0.75  — (1  -  e_tlR)  =  0.75  x  19.4cm  =  14.6cm  =  0.146m 
ft 


H  = 


0.82  x  1 .85  x  10'°(Y/m3-s) 
4n 


x  0.364  (MeV/y)  x  0.00325(m2/kg) 


x  0.1 46  m  x  1 .62  x  1 0  ,3(J/MeV)  =  3.34  x  1 0  8  Sv/s  =  1 2  mrem/h 
The  total  dose  rate  from  betas  and  gammas  is 


5.52  x  10“7  Sv/s  +  3.34  x  10“8  Sv/s  =  5.85  x  10“7  Sv/s  =  211  mrem/h 


To  obtain  the  total  dose  during  50  years,  first  determine  Te  (Equation  16.28) 


Te 


Tr  x  Tb 
Tr  +  Tb 


8x138 
8  +  138 


7.56  days 


Since  T »  Te,  the  total  dose  is  given  by  Equation  16.30 


H  =  Mxr, 

In  2 


_  5.85  x  10 — Sv/s  x  jgyg  x  g5,4oo  g/^ay  =  0.551  Sv  =  55.1  rem 


J 
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16.7  BIOLOGICAL  EFFECTS  OF  RADIATION 

The  study  of  the  biological  effects  of  radiation  is  a  very  complex  and  difficult  task  for  two 
main  reasons: 

1.  The  human  body  is  a  very  complicated  entity  with  many  organs  of  different  sizes, 
functions,  and  sensitivities,  and  showing  various  biological  effects  for  the  many  dif¬ 
ferent  organs  of  the  body. 

2.  Pertinent  experiments  are  practically  impossible  with  humans.  The  existing  human 
data  on  the  biological  effects  of  radiation  come  from  accidents,  through  extrapola¬ 
tion  from  animal  studies,  and  from  experiments  in  vitro. 

How  and  why  does  radiation  produce  damage  to  biological  material?  To  answer  the 
question,  one  should  consider  the  constituents  and  the  metabolism  of  the  human  body. 
In  terms  of  compounds,  about  61%  of  the  human  body  is  water.  Other  compounds  are 
proteins,  nucleic  acids,  fats,  and  enzymes.  In  terms  of  chemical  elemental  composition,  the 
human  body  is,  by  weight,  about  10%  H,  18%  C,  3%  N,  65%  O,  1.5%  Ca,  1%  P,  and  other  ele¬ 
ments  that  contribute  less  than  1%  each.  To  understand  the  basics  of  the  metabolism,  one 
needs  to  consider  how  the  basic  unit  of  every  organism,  which  is  the  cell,  functions. 

16.7.1  Basic  Description  of  the  Human  Cell 

The  cell,  the  basic  unit  of  every  living  organism,  consists  of  a  semipermeable  membrane 
enclosing  an  aqueous  suspension  of  a  liquid  substance  called  the  cytoplasm.  The  cell 
exchanges  material  with  the  rest  of  the  organism  through  the  membrane.  A  typical  cell  size 
is  about  10-5  m  (size  of  a  typical  atom  is  10~10  m).  At  the  center  of  the  cell,  there  is  another 
region  called  the  nucleus,  also  enclosed  by  a  semipermeable  membrane.  The  nucleus  is  the 
most  important  part  of  the  cell  because  it  controls  cell  activities.  Nucleic  acids  and  chromo¬ 
somes  are  the  cell’s  most  significant  contents. 

The  two  nucleic  acids  found  in  the  nucleus  of  a  cell  are  ribonucleic  acid  (RNA)  and  deoxy¬ 
ribonucleic  acid  (DNA).  The  RNA  controls  the  synthesis  of  proteins.  The  DNA  contains  the 
genetic  code  of  the  species.  The  structure  of  the  DNA  has  been  determined  to  be  a  double 
helix,  or  staircase  with  the  stairsteps  consisting  of  paired  molecules  of  four  bases:  adenine  (A), 
guanine  (G),  cytosine  (C),  and  thymine  (T).  It  is  the  combination  of  these  four  compounds,  A, 
G,  C,  and  T,  that  makes  the  genes  (a  gene  is  a  segment  of  DNA)  that  contain  the  instructions 
for  the  metabolism  of  the  cell.  The  DNA  molecules  have  a  molecular  weight  of  about  109.  They 
are  usually  coiled  inside  the  cell,  but  when  extended  like  a  string,  the  width  of  the  double- 
stranded  helix  of  the  DNA  is  about  2  nm. 

The  chromosomes  are  threadlike  assemblies  that  are  extremely  important  because 
they  contain  the  genes  that  transmit  the  hereditary  information.  Every  species  has  a  defi¬ 
nite  number  of  chromosomes.  The  human  species  has  23  pairs,  one  chromosome  of  each 
pair  being  contributed  by  each  parent.  Every  cell  has  23  pairs  of  chromosomes  with  the 
exception  of  the  egg  and  the  sperm,  which  have  23  chromosomes  each.  When  fertilization 
occurs,  the  first  cell  of  the  new  organism  contains  23  pairs  of  chromosomes,  equally  con¬ 
tributed  by  each  parent. 

The  relationship  between  a  chromosome,  DNA,  and  gene  is  presented  in  Figure  16.5. 

Cells  multiply  by  a  dividing  process  called  mitosis.  Just  before  mitosis  is  to  take  place, 
each  chromosome  of  the  cell  splits  into  two  identical  halves.  Thus,  each  of  the  two  new  cells 


Chromosome  DNA 


FIGURE  16.5  Relation¬ 
ship  between  chromo¬ 
some,  gene,  and  DNA. 
(From  http://virginia.edu/ 
medicine/interdis/hunt- 
disease/DNA.gif.) 
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has  exactly  the  same  number  of  chromosomes  as  the  parent  cell.  There  are  some  human 
cells  that  do  not  divide,  such  as  the  blood  cells  and  the  nerve  cells.  The  blood  cells  are  regen¬ 
erated  by  the  blood-forming  organs,  primarily  by  the  bone  marrow.  The  nerve  cells,  when 
destroyed,  are  not  supplied  again  (although  recent  medical  studies  indicate  that  nerve  cells 
may  also  be  regenerated). 

Radiation  may  damage  the  cell  when  it  delivers  extra  energy  to  it  because  that  energy 
may  be  used  to  destroy  parts  or  functions  of  the  cell.  For  example,  as  a  result  of  irradiation, 
chromosomes  or  DNA  molecules  may  break.  The  break  may  occur  either  by  direct  colli¬ 
sion  with  an  incoming  fast  particle  (e.g.,  fast  neutron)  or  as  the  result  of  chemical  activity 
initiated  by  the  radiation.  It  has  been  determined  experimentally  that  the  energy  imparted 
by  the  radiation  may  be  used  to  break  chemical  bonds  and  create  free  radicals,  which  are 
always  chemically  active  and  which  may  produce  new  chemical  compounds  unhealthy  for 
the  organism.  For  example,  a  water  molecule  may  break  into  two  radicals  that,  in  turn,  may 
form  hydrogen  peroxide  (H202)*: 


H20'  — >  HO'  +  H 
HO'  +  HO'  H202 

A  damaged  cell  may  react  in  different  ways.  It  may  (a)  recover,  (b)  die,  or  (c)  grow  out  of 
control  if  the  radiation  has  damaged  the  RNA  and  DNA  molecules  that  provide  the  instruc¬ 
tions  to  feed  and  divide  the  cell.  Obviously,  the  net  result  of  the  damage  to  the  organism 
depends  on  many  factors,  such  as  the  number  and  the  type  of  cells  destroyed.  Another 
effect  of  irradiation  may  be  damage  to  the  DNA  of  the  germ  cells,  the  sperm  and  the  egg, 
that  carry  the  genetic  code  of  the  new  organism.  This  type  of  damage  (called  genetic;  see 
Section  16.7.2)  will  appear  in  the  offspring  of  the  irradiated  cell  or  organism. 

16.7.2  Stochastic  and  Nonstochastic  Biological  Effects 

As  explained  in  the  previous  section,  radiation  imparts  energy  to  the  cell,  which  may  trigger 
mechanisms  that  result  in  biological  damage.  This  “damage,”  which  starts  at  the  microscopic 
(cell)  level,  may,  in  some  cases,  manifest  itself  as  a  macroscopic  observable 
biological  effect. 

The  biological  effects  of  radiation  are  divided  into  different  categories, 
depending  upon  the  objective  of  the  discussion.  Examples  are  somatic 
(effects  appearing  on  the  individual  being  irradiated),  genetic  (appearing 
in  the  offspring  of  the  irradiated  person),  short-term  effects,  long-term 
effects,  and  so  on.  The  division  to  be  used  here  is  stochastic  and  non¬ 
stochastic  effects  because  it  is  this  characterization  that  leads  to  a  better 
understanding  of  the  dose-effect  relationship. 

Examples  of  nonstochastic  (or  deterministic)  effects  are  erythema, 
nausea,  loss  of  hair,  cataracts,  sterility,  and  so  on.  Stochastic  (or  probabi¬ 
listic)  effects  are  cancer  and  genetic  defects  (birth  defects;  see  Table  16.7). 
Genetic  effects  are  abnormalities  that  may  appear  in  the  offspring  of  per¬ 
sons  exposed  to  radiation,  one  or  many  generations  after  the  exposure. 


TABLE  16.7 

Biological  Effects  of  Radiation 

Stochastic 

Nonstochastic 

(Probabilistic) 

(Deterministic) 

Somatic 

Cancer 

Erythema 

Loss  of  hair 

Nausea 

Sterility 

Cataract 

Fever 

Death 

and  so  on 

Genetic 

Birth  defects 

Chemical  poisoning  by  H202  shows  many  of  the  radiation  sickness  symptoms. 
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An  important  difference  between  these  two  types  of  effects  is  this:  the  probability  of 
occurrence  for  nonstochastic  effects  has  a  dose  threshold  whereas  the  corresponding  prob¬ 
ability  for  stochastic  effects  does  not.  The  “threshold”  is  a  minimum  radiation  dose  that  has 
to  be  received  in  a  relatively  short-time  period  for  the  effect  to  appear  (Figure  16.6).  A  dose 
below  the  threshold  will  not  produce  a  nonstochastic  effect.  A  dose  above  the  threshold  will 
definitely  cause  the  effect.  The  threshold  line  in  Figure  16.6a  is  shaded  to  emphasize  the  point 
that  the  threshold  dose  is  not  a  single  one  but  a  range  of  doses  that  depends  on  the  effect 
considered  and  on  the  individual  receiving  the  dose.  Different  effects  have  different  threshold 
doses.  For  example,  the  threshold  dose  for  erythema  is  much  less  than  that  for  death.  For 
stochastic  effects,  it  is  believed  today  that  there  is  no  threshold.  All  one  can  say  is  that  there 
is  a  probability  that  the  effect  may  appear  (some  time  later,  probably  years)  after  any  amount 
of  radiation  exposure  above  zero.  It  is  also  accepted  today  that  the  probability  that  the  effect 
will  appear  increases  with  dose  received.  There  is  no  scientific  proof  that  a  threshold  does 
not  exist.  Also  there  is  no  concrete  scientific  proof  that  all  radiation  effects  are  detrimental. 
However,  in  the  absence  of  proof  that  a  threshold  does  exist  and  that  radiation  may,  at  cer¬ 
tain  dose  levels,  be  beneficial,  the  conservative  approach  is  taken,  which  is  that  there  is  no 
threshold  and  any  radiation  dose  is  damaging.  Note,  however,  the  word  may.  It  is  not  certain 
that  the  effect  will  appear;  all  one  can  say  is  that  there  is  a  probability  that  it  may  happen. 
Regulatory  limits  are  based  on  the  assumption  that  no  threshold  exists  for  stochastic  effects. 

An  example  of  stochastic  versus  nonstochastic  effects  can  be  made  using  alcohol.  If  a 
person  drinks  20  glasses  of  wine  in  a  short  period  of  time,  it  is  certain  that  the  individual 
will  get  drunk.  Drunkenness  is  a  nonstochastic  effect  caused  by  alcohol  (the  “threshold”  is 
not  20  glasses  for  everybody;  it  depends  on  the  individual,  on  the  rate  of  wine  consumption, 
etc.).  Examples  of  stochastic  effects  caused  by  alcohol  are  cirrhosis  of  the  liver  and  birth 
defects  to  a  child  whose  mother  was  drinking  during  pregnancy.  One  glass  of  wine,  just 
once  in  a  lifetime,  or  one  glass  per  day  may  cause  cirrhosis  or  produce  a  child  with  birth 
defects;  on  the  other  hand,  it  may  cause  neither. 

Nonstochastic  effects  appear  after  relatively  high  doses  in  the  Sv  (rem)  range.  The  first 
measurable  effect  of  a  whole-body  irradiation  appears  after  a  dose  of  0.25-0.50  Sv  (25- 
50  rem).  The  individual  exposed  to  this  dose  will  feel  nothing,  and  clinical  tests  will  not 
show  any  symptoms  of  illness  or  injury.  Depending  on  the  person,  a  clinical  test  may  show 
changes  in  the  blood.  A  dose  of  4-5  Sv  (400-500  rem)  is  indicated  as  LD-50,  meaning  that 
it  is  lethal  to  about  50%  of  the  persons  so  exposed  (death  will  occur  in  months).  A  dose  of 
10  Sv  (1000  rem)  or  more  to  the  whole  body  is  considered  lethal  (death  will  occur  in  days), 
no  matter  what  treatment  may  be  applied.  In  the  range  of  about  1-10  Sv  (100-1000  rem), 
symptoms  that  may  appear  are  nausea,  vomiting,  fever,  diarrhea,  loss  of  hair,  inability  of 
the  body  to  fight  infection,  and  so  on.  These  symptoms  have  been  observed  in  victims  of 
accidents  and  in  patients  undergoing  radiation  treatment. 

The  incidence  of  stochastic  effects  can  only  be  treated  in  a  probabilistic  manner. 
Consider  cancer  first.  The  estimate  of  nonfatal  radiation-induced  cancer  has  been  previ¬ 
ously  reported9  and  updated  in  2006. 10  In  a  lifetime,  ~45  male  persons  out  of  100  and  ~37 
female  persons  will  be  diagnosed  with  cancer  from  all  causes. 

From  a  dose  of  0.10  Gy  (10  rad),  above  BG,  1  person  in  100  is  expected  to  be  diagnosed 
with  cancer  attributed  to  that  0.10  Gy.  In  a  lifetime,  ~22  male  persons  out  of  100  and  ~18 
female  persons  are  expected  to  die  of  cancer. 

From  a  dose  of  0.10  Gy  (10  rad),  above  BG,  less  than  1  person  in  100  is  expected  to  die 
of  cancer  attributed  to  the  0.10  Gy.  The  BG  level  (including  radon)  is  about  250-300  mrem 


(a) 


0 


FIGURE  16.6  (a)  The 

probability  for  a  nonsto¬ 
chastic  effect  to  occur 
versus  dose  D.  (b)  The 
probability  for  a  stochas¬ 
tic  effect  to  occur  versus 
dose  D. 
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TABLE  16.8 

Probability  of  Cancer  from  Exposure  to  Radiation  with  a  Population  Sample  Size 
Assumed  100,000  and  Age  Distribution  Similar  to  That  of  the  U.S.  Population 

All  Solid  Cancers:  For  Males 

All  Solid  Cancers:  For  Females 

Excess  cases  (including  nonfatal 

970  (490-1 920)- 

1410(740-2690) 

ones) 

Number  of  cases  in  the  absence  of 

45,500 

36,900 

exposure  (BG-yes) 

Excess  deaths 

480  (240-980) 

740  (370-1 500) 

Number  of  deaths  in  the  absence 

22,100 

17,500 

of  exposure  (BG-yes) 

Note:  The  risk  shown  is  the  result  from , 

a  single  dose  of  0.10  Gy  (10  rad). 

a  Numbers  in  parenthesis  represent  the 

95%  error  BG  is  background. 

per  year.  Over  a  lifetime  (80  years),  the  total  dose  received  from  BG  is  -0.20-0. 24  Sv 
(20-24  rem).  These  estimates  are  shown  in  Table  16.8. 

Genetic  effects  are  those  related  to  the  transmission  of  harmful  hereditary  information 
from  one  generation  to  the  next.  It  is  known  today  that  the  carriers  of  the  hereditary  code 
are  the  genes,  which  are  parts  of  DNA  molecules  and  are  contained  in  the  chromosomes. 
The  gene  is  an  extremely  stable  entity.  Its  structure  is  transmitted  from  generation  to  gen¬ 
eration  without  any  changes,  which  means  that  it  transmits  identical  information  from 
generation  to  generation.  But  sometimes,  a  gene  may  change  and  become  a  mutation.  The 
mutated  gene  may  be  transmitted  through  many  generations  without  any  further  change, 
or  it  may  change  again  to  its  original  form  or  to  a  new  third  form.  It  is  generally  believed  by 
geneticists  that  most  mutations  are  harmful;  therefore,  conditions  that  increase  the  rate  of 
mutations  should  be  avoided. 

The  current  incidence  of  human  genetic  disorders  is  107,000  per  106  births,  or  about 
0.11  per  birth.  These  effects  constitute  the  so-called  spontaneous  mutation  rate.  The  genetic 
risk  from  radiation  is  expressed  in  terms  of  the  ratio 

mr  (Radiation  -  Induced  mutations) 
ms  (Spontaneous  mutations) 

This  ratio  is  equal  to  (2-0.4)/Sv  [(0.02-0.004)/rem].  One  quantity  that  is  always  reported 
along  with  this  risk  is  the  “doubling  dose,”  that  is,  the  dose  that  if  inflicted  to  a  population 
over  many  generations  will  eventually  result  in  doubling  the  rate  of  spontaneous  mutations. 
From  the  ratio  given  above,  the  doubling  dose  is  0.5-2. 5  Sv  (50-250  rem).  Note  the  large 
range  (uncertainty)  of  doubling  dose. 

Is  radiation  the  only  agent  that  causes  mutations?  Definitely  not.  Known  mutagenic 
agents  include  certain  chemicals,  certain  drugs,  elevated  temperature,  and  ionizing  radia¬ 
tion.  It  is  quite  possible  that  many  other  mutagenic  substances  or  environments  may  exist 
but  are  still  unknown.  Humans  have  been  exposed  to  ionizing  radiation  since  they  first 
appeared  on  this  planet.  The  level  of  this  background  radiation  is  not  constant  at  every 
point  on  the  surface  of  the  earth,  but  at  sea  level,  it  is  about  (including  Rn)  1.5-3  mSv/year 
(150-300  mrem/year).  Every  individual  receives  this  exposure  every  year  of  his  life.  There  is 
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no  doubt  that  genetic  effects  have  been  caused  as  a  result  of  this  exposure.  Yet  it  should  be 
pointed  out  that  (a)  there  is  no  proof  that  radiation  causes  only  detrimental  genetic  effects, 
and  (b)  despite  the  continuous  exposure  during  thousands  of  years,  there  is  no  evidence  of 
genetic  deterioration  of  the  human  race. 

16.8  RADIATION  PROTECTION  GUIDES  AND  EXPOSURE 
LIMITS 

All  regulations  relevant  to  the  protection  of  humans  can  be  found  in  Title  10,  Part  20,  Code  of 
Federal  Regulations  (10CFR20).  The  10CFR20  that  is  in  force  today4  (latest  revision  January 
2010)  is  based  on  the  recommendations  of  the  International  Commission  on  Radiological 
Protection  (ICRP),2  published  in  1977  as  ICRP  Publication  26.  The  general  principles  upon 
which  the  10CFR20  radiation  protection  guides  have  been  established  are  as  follows: 

1.  No  person  should  be  exposed  to  any  man-made  radiation  unless  some  benefit  is 
derived  from  the  exposure. 

2.  Radiation  exposure  limits  are  set  at  such  levels  that  nonstochastic  biological  effects 
do  not  occur. 

3.  Radiation  exposure  limits  are  set  at  such  levels  that  stochastic  effects  are  minimized 
and  become  acceptable  in  view  of  the  benefits  derived  from  the  exposure. 

4.  In  every  activity  that  may  involve  radiation  exposure,  it  is  not  enough  to  keep  expo¬ 
sure  limits  below  the  maximum  allowed.  Instead,  every  effort  should  be  made  to 
keep  the  exposure  a  level  as  low  as  reasonably  achievable  (ALAR A). 

Principle  4  establishes  the  so-called  ALARA  policy,  which  is  strictly  enforced  by  the 
U.S.  Nuclear  Regulatory  Commission  (NRC).  As  a  result  of  ALARA,  (a)  every  employee  of 
radiation  workers  must  continuously  train  them  so  that  their  exposure  is  minimized,  and 
(b)  employees  are  required  to  complete  the  training  and  follow  the  relevant  procedures.  If 
an  employer  violates  ALARA,  the  employer  will  be  fined  by  the  NRC;  if  an  employee  vio¬ 
lates  ALARA,  he/she  may  be  dismissed. 

Since  nonstochastic  effects  have  a  threshold,  all  that  is  needed  to  satisfy  principle  2  is  to 
set  the  exposure  limits  below  that  threshold.  For  stochastic  effects,  the  limits  are  set  at  an 
acceptable  level  of  risk  (principle  3).  Ideally,  the  limit  should  be  zero,  since  any  exposure  is 
supposed  to  increase  the  probability  for  stochastic  effects  to  occur.  Obviously,  a  zero  limit 
is  not  practical.  For  stochastic  effects,  the  10CFR20  sets  the  limiting  exposure  on  the  basis 
that  the  risk  should  be  equal  regardless  of  whether  the  whole  body  is  irradiated  uniformly 
or  different  tissues  receive  different  doses. 


16.8.1  Various  Dose  Equations  Used  in  Setting  Exposure  Limits 

Recognizing  the  fact  that  different  tissues  have  different  sensitivities  and,  therefore,  the 
proportionality  constant  between  dose  and  effect  is  not  the  same  for  all  tissues,  an  “effective 
dose  equivalent’’  ( HE )  is  defined  as 


He 


(16.31) 
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TABLE  16.9 

Organ  Dose  Weighting  Factors 


Organ  or  Tissue 

wT 

Risk  Coefficient/Sv 

Probability 

Gonads 

0.25 

4.14  x  10'3 

1  in  250 

Breast 

0.15 

2.5  x  10~3 

1  in  400 

Red  bone  marrow 

0.12 

2  x  1 0~3 

1  in  500 

Lung 

0.12 

2  x  1 0~3 

1  in  500 

Thyroid 

0.03 

5  x  10"4 

1  in  2000 

Bone  surface 

0.03 

5  x  10"4 

1  in  2000 

Remainder2 

0.03 

5  x  1 0~3 

1  in  200 

Total  (whole  body) 

1.0 

1.65  x  10"2 

1  in  60 

2  The  remainder  is  0.06  for  each  of  five  remaining  organs,  excluding  the  skin  and  the 
lens  of  the  eye,  which  receive  the  highest  doses. 


where  Hr  is  the  dose  equivalent  to  tissue  or  organ  T  and  wT  is  a  weighting  factor  for  tissue 
T.  (All  dose  definitions  in  this  section  are  taken  from  Reference  4.)  The  values  of  wT  are 
presented  in  Table  16.9. 

The  interpretation  of  the  weighting  factors  is  as  follows.  Consider  the  factor  wT  =  0.25  for 
the  gonads.  This  means  that  irradiation  of  the  gonads  alone  would  present  about  one-fourth 
the  risk  for  stochastic  effects  expected  to  appear  after  uniform  irradiation  of  the  whole  body 
at  the  same  dose  level.  The  risk  per  Sv  due  to  irradiation  of  the  gonads  is  derived  from 

(Risk/Sv  -  gonads)  =  (Risk/Sv  -  whole  body)wr 
=  1.65  x  10_2(0.25)  =  4.1  x  10“3 


(or  1  in  250). 

For  the  dose  from  radioisotopes  inhaled  or  ingested  by  the  body,  several  other  doses 
have  been  defined,  as  follows: 

Committed  dose  equivalent  (H TS0):  It  is  the  dose  equivalent  to  organs  or  tissues  that 
will  be  received  from  an  intake  of  radioactive  material  by  an  individual,  during  a  50-year 
period  following  the  intake. 

Committed  effective  dose  equivalent  (HES0):  It  is  the  sum,  over  all  relevant  tissues  or 
organs,  of  the  product  of  the  factor  wv  applicable  to  each  of  the  body  organs  or  tissues  that 
are  irradiated,  times  the  corresponding  committed  dose  equivalent  to  these  organs  and 
tissues: 


hff.50  —  £jWTHt, so  (16.32) 

T 

Deep  dose  equivalent  (Hd):  It  applies  to  external  whole-body  exposure  and  is  the  dose 
equivalent  at  a  depth  of  tissue  of  1  cm  (1000  mg/cm2). 

Shallow  dose  equivalent  (Hs):  It  applies  to  external  exposure  of  the  skin  of  the  whole 
body  or  the  skin  of  an  extremity.  It  is  the  dose  equivalent  at  a  depth  of  tissue  of  0.007  cm 
(7  mg/cm2). 
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Total  effective  dose  equivalent  (TEDE)  (pronounced  “teddy"):  It  is  the  sum  of  the  effec¬ 
tive  dose  equivalent  (from  external  exposure)  and  the  committed  effective  dose  equivalent 
(from  internal  exposure) 

TEDE  =He  +  He50  (16.33) 

Annual  limit  of  intake  (ALI):  It  is  the  derived  limit  for  the  amount  of  a  radioactive 
material  taken  into  the  body  of  an  adult  worker  in  1  year,  by  inhalation  or  ingestion;  ALI  is 
the  smaller  value  of  intake  of  a  given  radionuclide  in  a  year,  by  the  worker,  that  would  result 
in  a  committed  effective  dose  equivalent,  HE50,  of  0.05  Sv  (5  rem)  or  a  committed  dose 
equivalent,  Hzs 0,  of  0.5  Sv  (50  rem)  to  any  individual  tissue  or  organ. 

Derived  air  concentration  (DAC):  It  is  the  concentration  of  a  given  radioisotope  in  air, 
which,  if  breathed  by  an  adult  for  a  working  year  of  2000  h  under  conditions  of  light  activity 
(inhalation  rate  2.0  x  104  mL/min),  would  result  in  total  intake  of  1  ALI.  Values  of  ALI  and 
DAC  for  several  radioisotopes  are  given  in  Appendix  B  of  10CFR20.4 

16.8.2  Occupational  Dose  Limits  for  Adults 

The  employer  of  radiation  workers  (licensee)  shall  control  the  occupational  dose  so  that 

1.  The  annual  limit  for  radiation  workers  is  the  more  limiting  of  the  following  two:  (a) 
TEDE  is  equal  to  50  mSv  (5  rem),  or  (b)  the  sum  of  the  deep  dose  equivalent,  Hd,  and 
the  committed  dose  equivalent,  HTS0,  to  any  individual  organ  or  tissue  other  than 
the  lens  of  the  eye  is  equal  to  0.5  Sv  (50  rem). 

2.  The  annual  limit  to  the  lens  of  the  eye,  to  the  skin  of  the  whole  body,  and  to  the  skin 
of  the  extremities  is  not  more  than  (a)  a  lens  dose  equivalent  of  0.15  Sv  (15  rem),  (b) 
a  shallow  dose  equivalent  of  0.5  Sv  (50  rem)  to  the  skin  of  the  whole  body  or  to  the 
skin  of  any  extremity. 

These  exposure  limits  and  others  (for  minors,  adults,  etc.)  are  shown  in  Table  16.10.  For 
comparison,  limits  of  the  old  10CFR20  are  shown  as  well  as  limits  recommended  by  the 
ICRP  in  2006.11 

For  radon  (Rn)  and  its  daughters,  the  radiation  limits  are  given  in  terms  of  the  work¬ 
ing  level  (WL)  and  working  level  month  (WLM),  where  1  WL  is  the  amount,  in  1  L  of  air, 
of  any  combination  of  Rn  and  its  daughters  that  results  in  the  release  of  1.3  x  105  MeV  of 
alpha  particle  energy.  This  number  is  approximately  the  energy  released  by  the  short-lived 
daughters  in  equilibrium  with  100  pCi  and  Rn.  One  WLM  is  equal  to  exposure  to  1  WL  for 
170  h  (170  =  2000/12).  As  an  example,  if  a  worker  is  exposed  to  1  WL  for  50  h,  the  exposure 
is  (50/170)  x  1  =  0.294  WLM. 

In  addition  to  the  exposure  from  man-made  radiation,  humans  are  exposed  to  natural 
radiation.  The  components  of  the  natural  or  background  radiation  are  shown  in  Table  16.11. 

16.9  HEALTH  PHYSICS  INSTRUMENTS 

A  health  physics  instrument  is  a  device  that  can  provide  information  about  the  dose  rate 
or  dose  at  the  location  where  the  instrument  is  placed.  Health  physics  instruments  are 
detectors  like  those  discussed  in  Chapters  5  through  7.  They  have  to  satisfy  some  unique 
requirements,  however,  because  their  purpose  is  to  measure  dose  equivalent,  which  is  the 
absorbed  dose  in  tissue  times  a  quality  factor.  Radiation  detectors  provide  a  signal  that,  in 
general,  depends  on  the  energy  deposited  in  the  material  of  which  the  detector  is  made;  that 
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TABLE  16.10 

Various  Maximum  Exposure  Limits3 

Old  10CFR20 

1 0CFR20  Effective  January 
1,1994 

ICRP103  (2007) 

Whole  body 

5  rem/year 

50  mSv/year  (stochastic)  (5  rem/ 
year) 

500  mSv/year  (nonstochastic) 

(50  rem/year) 

20  mSv/year,  (2  rem)  averaged 
over  5  years,  less  than 

50  mSv  (5  rem)  in  any  single 
year 

Lens  of  eye 

1 .25  rem/quarter, 

5.0  rem/year 

1 5  mSv/year  (1 .5  rem/year) 

1 5  mSv/year  (1 .5  rem) 

Extremities 

1 8.75  rem/quarter, 

75  rem/year 

500  mSv/year  (50  rem/year) 

500  mSv/year  (50  rem) 

Thyroid-skin 

7.5  rem/quarter, 

30  rem/year 

50  mSv/year  (stochastic)  (5  rem/ 
year) 

500  mSv/year  (nonstochastic) 

(50  rem/year) 

50-500  mSv/year  (5-50  rem) 

Dose  to  minors 

Public 

0.5  rem/year 

1 0%  of  adult  limit  1  mSv/year 
(100  mrem) 

10%  of  adult  limit 

1  mSv/year  (100  mrem) 

Dose  to  fetus 

- 

5  mSv/year  (500  mrem) 

1  mSv/year  (100  mrem) 

a  The  NRC  limit  for  the  general  public  is  0.1  mSv/year  (100  mrem)  and  is  5  mSv/year  (500  mrem)  for  a  fetus  (see 
Nuclear  Regulatory  Commission;  www.nrc.gov). 

TABLE  16.11 

Sources  of  Background  Radiation  in  the  United  States 


Source 

Gonads 

Lung 

Bone  Surface 

Bone  Marrow 

Gl  Tract 

Cosmetic  radiation3 

28.0 

28 

28 

28 

28 

Cosmogenic 

0.7 

0.7 

0.8 

0.7 

0.7 

nuclides 

External  terrestrial 

26 

26 

26 

26 

26 

Inhaled  nuclides 

- 

100-450 

- 

- 

- 

Radionuclides  in 

27 

24 

60 

24 

24 

bodyb 

Total  (rounded) 

80 

180-450 

115 

80 

80 

Note:  All  values  are  in  units  of  mrem/year. 

a  The  cosmic  ray  component  is  given  at  sea  level;  it  increases  with  altitude. 
b  Radionuclides  in  the  body  are,  primarily,  14C  and  40K. 


material  does  not  necessarily  have  the  same  response  as  tissue  to  the  radiation  field  being 
investigated.  Even  if  the  detector  material  responds  to  the  radiation  exactly  like  tissue,  the 
problem  still  exists  of  getting  dose  equivalent  from  absorbed  dose  (which  is  proportional  to 
the  detector  signal).  Thus,  the  dose  measurement  involves  three  steps: 

1.  Measurement  of  energy  deposition  in  the  detector  (a  quantity  proportional  to  D  in 
the  detector  material). 

2.  Determination  of  Dtissue  by  comparing  the  response  to  the  incident  radiation  of  tis¬ 
sue  versus  the  response  of  the  material  of  which  the  detector  is  made. 

3.  Computation  of  dose  equivalent  H,  from  Dtissue  by  incorporating  the  appropriate 
quality  factor. 
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In  practice,  the  instruments  are  properly  calibrated  to  read  directly  Sv  (or  rem),  or 
Gy  (or  rad).  For  some  neutron  detection  instruments,  the  neutron  flux  is  recorded.  Then 
the  dose  equivalent  is  obtained  after  multiplying  the  flux  by  the  conversion  factor  given 
in  Table  16.4.  Since  different  detectors  do  not  have  the  same  efficiency  or  sensitivity  for  all 
types  of  radiation  and  for  all  energies,  there  is  no  single  instrument  that  can  be  used  for  all 
particles  (a,  (3,  y,  n)  and  all  energies. 

Health  physics  instruments  are  divided  into  two  general  groups  according  to  the  way 
they  are  used: 

1.  Survey  instruments— portable  and  nonportable 

2.  Personnel  monitoring  instruments  (dosimeters) 

The  rest  of  this  section  discusses  the  most  commonly  used  devices.  Survey  instruments 
are  described  in  Section  16.9.1.  Dosimeters  are  described  in  Sections  16.9.2  through  16.9.8. 

16.9.1  Survey  Instruments 

The  portable  survey  instruments  are  detectors  like  those  described  in  detail  in  Chapters  5 
through  7.  The  most  commonly  used  are  Geiger-Muller  (GM)  counters  and  the  so-called 
cutie  pie  meter.  Many  commercial  GM  counters  offer  a  fixed  thin  window  that  will  allow 
betas  and  photons  to  traverse  it  and  be  counted,  and  one  or  more  movable  windows  that 
will  stop  the  betas  and  allow  only  the  gammas  to  enter  the  counter.  In  a  mixed  (3  —y  field, 
such  an  instrument  will  provide  information  for  (3  and  y  separately.  The  cutie  pie  is  an  ion¬ 
ization  counter  that  can  be  used  to  detect  x-rays,  alphas,  and  some  high-energy  betas. 

The  nonportable  instruments  are  set  at  fixed  locations  to  detect  the  radiation  field;  they 
are  usually  equipped  with  an  alarm  that  will  provide  an  audio  and/or  visual  signal  when 
the  field  intensity  exceeds  a  preset  limit.  Examples  are  continuous  air  monitors  (CAMs) 
and  personnel  monitors  (e.g.,  hand,  foot,  and  whole  body).  A  list  of  several  health  physics 
instruments  and  their  characteristics  is  given  in  Table  16.12. 

16.9.2  Thermoluminescent  Dosimeters 

Thermoluminescent  dosimeters  (TLDs)  are  based  on  the  property  of  thermoluminescence, 
which  can  be  understood  if  one  refers  to  the  electronic  energy-band  diagram  of  crystals 
(see  also  Chapter  7).  When  ionizing  radiation  bombards  a  crystal,  the  energy  given  to  the 
electrons  may  bring  about  several  results  (Figure  16.7).  The  electron  may  acquire  enough 
energy  to  move  from  the  valence  to  the  conduction  band,  in  which  case  the  event  is  called 
ionization.  Or  the  electron  acquires  enough  energy  to  move  to  an  excited  state  (to  the  exci- 
ton  band)  and  form  an  exciton.  An  exciton,  consisting  of  an  electron  and  a  hole  bound 
electrostatically,  can  migrate  through  the  crystal.  Electrons,  holes,  and  excitons  may  be 
caught  in  many  "traps”  that  exist  in  the  solid.  Traps  are  formed  in  a  variety  of  ways.  Foreign 
atoms  (impurities),  interstitial  atoms,  dislocations,  vacancies,  and  imperfections  may  act  as 
traps.  The  trapped  carriers  remain  in  place  for  long  periods  of  time  if  the  temperature  of  the 
crystal  stays  constant  or  decreases.  If  the  temperature  is  raised,  however,  the  probability 
of  escape  increases.  As  electrons  and  holes  are  freed  and  return  to  the  ground  state,  they 
emit  light  (Figure  16.8).  The  emission  of  this  light  is  called  thermoluminescence  and  is  the 
property  upon  which  the  operation  of  TLDs  is  based. 

A  TLD  is  essentially  a  piece  of  a  thermoluminescent  material,  exposed  to  the  radiation 
being  measured.  After  irradiation  stops,  the  TLD  is  heated  under  controlled  conditions 
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TABLE  16.12 

List  of  Common  Health  Physics  Instruments 

Instrument 

Detector 

Radiation  Detected 

Range  (Nominal) 

Remarks 

Portable 

Film  badge 

Photographic  emulsions 

0.1-1000  rad  of  mixed 

radiations 

Measurement  of  integrated 
dose 

Pocket  chamber  (direct 
reading) 

Ionization  chamber  (air) 

y 

5-200  mR;  available  with 
higher  ranges 

Visual  check  on  gamma 
exposure 

Personal  radiation  monitor 

GM  tube 

y,  x-ray,  high-level  p 

Maximum  audible  warning 
at  ~0.5  R/h 

Audible  warning  of  radiation 
field 

Cutie  pie  survey  meter 

Ionization  chamber  (air) 

y,  x-ray,  high-energy  p 

5-10,000  mrad/h 

Dose-rate  meter  for  y  and  x-rays 
(0.008-2  MeV  within  10%) 

PIC-6 

PAC-4G 

Proportional  gas-filled  counter 
Proportional  gas-filled  counter 

y 

a 

1  mR/h  to  1000  R/h 

Measures  y  dose  rate 

Rem  ball 

Nonportable 

Bonner  sphere  with  BF3  or  Lil 
as  the  detector 

n 

Measures  neutron  dose 
equivalent 

Continuous  p-y  particular  air 
monitor 

GMtube  (shielded) 

fry 

0-5000  cpm 

Light  and  audible  alarms  for 
preset  levels 

Continuous  a  particle  air 
monitor 

ZnS(Ag)  for  a 

a,  p 

0-1000  cpm 

Light  and  audible  alarms  for 
preset  levels 

Hand  and  foot  monitor 

Halogen-quenched  GM  tube 

fry 

Low  level 

Simultaneous  detection  of  p 
and  y  contamination  of  hands 
and  shoes 
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FIGURE  16.7  Energy-band  diagram  of  a  crystal. 


(Figure  16.9),  and  the  light  intensity  is  measured  either  as  a  function 
of  temperature  or  as  a  function  of  the  time  during  which  the  temper¬ 
ature  is  raised.  The  result  of  such  a  measurement  is  a  graph  called  the 
glow  curve  (Figure  16.10).  Glow  curves  have  more  than  one  peak,  cor¬ 
responding  to  traps  at  various  energy  levels.  The  amplitudes  of  the 
peaks  are  proportional  to  the  number  of  carriers  trapped  in  the  cor¬ 
responding  energy  traps.  The  absorbed  dose  may  be  measured  either 
from  the  total  light  emitted  by  the  glow  curve  or  from  the  height  of 
one  or  more  peaks  of  the  glow  curve.  The  TLD  is  annealed — that  is, 
it  returns  to  its  original  condition — and  is  ready  to  be  used  again 
after  being  heated  long  enough  so  that  all  the  traps  have  been  emp¬ 
tied;  then  it  is  left  to  cool  down  to  room  temperature.  Measurement 
of  the  light  from  the  glow  curve,  and  subsequent  annealing,  is  per¬ 
formed  by  instruments  generally  called  readers,  which  are  available 
commercially. 

There  are  many  thermoluminescent  materials,  but  those  useful 


for  dosimetry  should  have  the  following  characteristics: 


1.  Retention  of  trapped  carriers  for  long  periods  of  time  at  temperatures  encountered 
during  the  exposure 

2.  Large  amount  of  light  output 

3.  Linear  response  over  a  large  dose  range 

4.  Perfect  annealing  to  enable  repetitive  use 
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(a) 


(b) 


FIGURE  16.8  (a)  As  a  result  of  irradiation,  some  carriers  fall  into  traps,  (b)  Upon  heating,  the 

carriers  are  given  enough  energy  to  escape  from  the  traps  and  return  to  the  valence  band,  with 
the  emission  of  light. 

Materials  commercially  available  that  satisfy  most  of  these 
requirements  are  CaS04:Mn,  CaF2  (natural),  CaF2:Mn,  Li2B407:Mn, 
and  LiF.  CaS04  and  CaF2  are  used  for  gammas  only.  Other  materials 
that  have  been  studied  are  CaS04:Dy,  BeO,  and  A1203.  A  commer¬ 
cial  dosimetry  package,  based  on  a  combination  of  CaS04  and  Li2B407, 
and  known  as  Panasonic  UD-802  or  UD-854  is  used  in  nuclear  power 
plants.  The  main  features  of  some  of  these  materials  are  given  in  Table 
16.13.  Various  uses  are  described  in  References  13  through  19.  The 
book  by  Shani  (1991)  gives  many  details  for  the  construction,  use,  and 
performance  characteristics  of  all  TLD  materials  studied. 

The  three  LiF  TLDs  listed  in  Table  16.13  have  found  wide  use  for 
measurements  in  mixed  neutron-gamma  fields.  The  TLD-100  con¬ 
taining  natural  lithium  (92.6%  7Li,  7.4%  6Li)  responds  to  gamma  and 
thermal  neutrons.  Thermal  neutrons  are  detected  through  the  («,  a) 
reaction  with  6Li,  which  has  a  cross  section  equal  to  950  b  for  thermal 
energies.  If  a  TLD-100  is  exposed  to  about  3  x  1011  neutrons/m2  (thermal),  its  light  output  is 
equivalent  to  that  from  1  R  of  gamma  radiation.  The  TLD-600,  containing  lithium  enriched 
to  95.62%  in  6Li,  is  extremely  sensitive  to  thermal  neutrons  and  also  to  gammas.  The  TLD- 
700,  containing  99.993%  7Li,  is  sensitive  to  gammas  only,  because  the  neutron  cross  section 
for  7Li  is  very  small  (about  0.033  b  for  thermal  neutrons).  In  a  mixed  neutron-gamma  field, 
one  can  achieve  y—n  discrimination  by  exposing  to  the  radiation  a  TLD-100  plus  a  TLD- 
700,  or  a  TLD-600  plus  a  TLD-700.  The  difference  in  response  between  the  two  dosimeters 
of  either  pair  gives  the  dose  due  to  the  neutrons  only.  A  very  sensitive  LiF  TLD  has  been 
reported  by  Nakajima  et  al.19  It  consists  of  LiF  with  three  dopants:  Mg,  Cu,  and  P.  Its  sensitiv¬ 
ity  is  supposed  to  be  23  times  that  of  TLD-600.  More  recently,  there  has  been  a  significant 
amount  of  research  exploring  and  characterizing  various  materials  for  TLD  development. 
These  materials  include  A1203:C,20  microwave  plasma-assisted  chemical  vapor  deposition 
diamond,21  CaF2:Mn,22  CaF2:Tm,23  DyF3,24  and  LiF:Mg,Cu,  LiF:Mg,Cu,P,  and  LiF:Mg,Cu,Si.25 

16.9.3  Optically  Stimulated  Luminescence  Dosimetry 

Although  not  as  widespread  as  TLDs,  optically  stimulated  luminescence  (OSL)  technol¬ 
ogy  is  gaining  in  popularity  in  the  fields  of  personal  and  environmental  monitoring,  space 
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FIGURE  16.9  A  setup  used  to  read  a  TLD. 
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FIGURE  16.10  Typical  thermoluminescent  glow  curves,  (a)  Glow  curve  of  CaS04:Mn  heated  at 
6°C/min.  (b)  LiF  (TLD-100)  exposed  to  104  R  and  heated  at  20°C/min.  (From  Attix,  F.  FI.  and  Roesch, 

W.  C.  (eds.),  Radiation  Dosimetry,  II,  Academic  Press,  New  York,  1966.  With  permission.)  (Reference  12) 


TABLE  16.13 

Properties  of  Certain  TLDs 

Material 

Radiation  to  Which  It 
Responds 

Aft 

Range 

CaS04  (Mn) 

Y 

15.3 

pR-1 03  R 

CaF2  (natural) 

y 

16.3 

mR-103  R 

CaF2  (Mn) 

y,  n  (thermal,  low  response) 

16.3 

mR-105  R 

LiF  (TLD-100)3 

y,  n  (thermal)  p 

8.2 

mR-1 04  R 

LiF  (TLD-600) 

Y,  n  (thermal),  p 

8.2 

mR-105  R 

LiF  (TLD-700) 

Y 

8.2 

mR-105  R 

Source:  Attix,  F.  FI.  and  Roesch,  W.  C.  (eds.),  Radiation  Dosimetry,  II,  Academic  Press, 
New  York,  1966.  With  permission. 

a  TLD-1 00,  TLD-600,  TLD-700  are  products  of  the  Flarshaw  Chemical  Company. 

dosimetry,  medical  dosimetry,  and  so  on.  In  certain  crystalline  structures  such  as  feld¬ 
spars,  quartz,  and  aluminum  oxide,  which  are  subjected  to  radiation,  electron-hole  pairs 
are  created  where  the  electrons  are  in  the  conduction  bands  and  holes  are  in  the  valence 
bands.  However,  sometimes  electrons  that  cannot  completely  jump  the  gap  between 
valence  and  conduction  bands  are  trapped  in  between  these  two.  The  use  of  a  laser  may 
enable  these  electrons  to  make  the  jump  to  the  conduction  band,  while  emitting  light  that 
can  be  detected  with  a  photomultiplier  tube.  The  main  advantage  of  OSL  is  its  ability  to 
give  instant  readings  that  can  be  repeated  while  the  TLD  badge  takes  20  or  30  s  for  a  one 
time  reading.  A  comprehensive  book  on  OSL  dosimetry  has  been  published  (see  Boetter- 
Jensen  et  al.,  2003).  Some  recent  applications  of  OSL  have  included  low-dose  environmental 
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dosimetry,26  radiation  measurements  in  space  exploration,27  and  medical  dosimetry.28  One 
interesting  application  has  to  do  with  archaeological  and  sediment  dating.2930 

16.9.4  Bonner  Sphere  (Rem  Ball) 

The  Bonner  sphere,31  named  after  one  of  the  first  people  to  study  its  features  and  use  it,  is 
a  neutron  detector.  It  consists  of  a  polyethylene  sphere,  at  the  center  of  which  a  neutron 
detector  is  placed  (Lil  scintillator  or  BF3  or  3He  detector).  With  any  one  of  these  materials, 
the  neutrons  are  detected  through  the  reactions 

6Li(«,  a)3H  10B(«,  a)7Li  3He(«,  pfH 

The  polyethylene  serves  as  the  moderating  material.  The  Bonner  sphere  has  been  found 
to  be  very  useful  for  neutron  dose  measurements  because  the  response  of  a  0.25-  to  0.30-m 
(10-12  in.)  diameter  sphere  has  an  energy  dependence  very  close  to  the  dose  equivalent 
delivered  by  neutrons  (Figures  16.11  and  16.12).  The  line  indicated  as  RPG  (Radiation 
Protection  Guide)  in  these  two  figures  is  the  dose  rate  H  per  unit  neutron  flux.  The  similar¬ 
ity  between  detector  response  and  dose  equivalent  Tf  is  just  a  coincidence.  This  coincidence 
is  utilized,  in  practice,  for  the  determination  of  neutron  dose  rate  H  in  a  neutron  field 
of  unknown  energy.  Note  from  Figure  16.11  that  the  sensitivity  (efficiency)  of  the  Bonner 
sphere  is  high  for  high-energy  neutrons  (with  high  Q  value)  and  lower  for  low-energy  neu¬ 
trons  (low  Q  value).  For  this  reason,  the  number  of  counts  recorded  by  the  sphere  placed  in 
an  unknown  spectrum  <| )(£)  automatically  includes  a  weighting  factor  for  all  energies. 


Neutron  energy 


FIGURE  16.11  Sensitivity  of  a  10-in.  (0.254  m)  diameter  Bonner  sphere  surrounding  a 
4  mm  x  4  mm  Lil  scintillator.  For  comparison,  the  inverse  of  the  response  function  RPG  is  also 
shown.  The  RPG  gives  dose  rate,  H,  per  unit  neutron  flux.  (From  Hankins,  D.  E.,  LA-2717, 1962,  http:// 
Iibrary.lanl.gov/cgi-bin/getfile20020991.pdf.) 
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FIGURE  16.12  Calculated  sensitivity  of  a  10-in.  (0.254  m)  diameter  Bonner  sphere  compared  with 
the  measured  response.  (From  Flankins,  D.  E.,  LA-2717, 1962,  http://library.lanl.gov/cgi-bin/getfile 
20020991.pdf.) 

The  match  between  response  and  neutron  dose  rate  is  not  perfect,  as  Figure  16.12 
clearly  shows,  particularly  for  energy  less  than  100  keV.  If  the  unknown  spectrum  contains 
many  neutrons  in  the  energy  range  of  discrepancy  between  the  two  curves,  then  the  dose 
rate  will  be  overestimated  for  the  following  reason.  Consider  E  =  10  keV.  The  calculated 
response  is  about  1.7;  the  RPG  is  about  0.3.  The  inverse  of  RPG  is  about  3.3,  which  means 
that  the  detector  will  record  3.3  when  the  response  ought  to  be  close  1.7;  hence,  dose  rate 
is  overestimated.  Another  point  to  mention  is  the  under  response  at  E  >  10  MeV  (Figure 
16.11);  luckily,  this  energy  is  not  important  for  neutron  fields  encountered  at  nuclear  power 
plants. 

Another  advantage  of  the  Bonner  sphere,  in  addition  to  its  convenient  response  func¬ 
tion,  is  its  complete  insensitivity  to  gammas.  This  is  the  result  of  the  neutron  detection 
based  on  charged-particle  reactions  with  high  Q  value,  thus  making  possible  the  complete 
rejection  of  pulses  due  to  gammas  with  the  use  of  a  proper  discriminator  level. 

A  critical  review  of  Bonner  sphere  spectrometers  has  been  published,32  while  some 
applications  have  included  measurement  of  neutron  spectra  in  a  medical  facility33  and  spent 
fuel  casks34  and  unfolding  of  neutron  spectra.35,36 

In  the  nuclear  industry,  the  Bonner  sphere  is  known  as  the  rem  ball  or  rem  meter. 


16.9.5  Neutron  Bubble  Detector 


The  neutron  bubble  detector  (trade  name  BD-100R)  is  a  reusable,  passive  integrating  dosim¬ 
eter  that  allows  instant,  visible  detection  of  neutron  dose.  The  bubble  detector  consists 
of  a  glass  tube  filled  with  thousands  of  superheated  liquid  drops  in  a  stabilizing  matrix. 
When  exposed  to  neutrons,  these  droplets  vaporize,  forming  visible  permanent  bubbles  in 
an  elastic  polymer.  The  total  number  of  bubbles  formed  is  proportional  to  the  neutron  dose 
equivalent//.  The  bubbles  can  be  counted  manually  or  by  a  machine.  Figure  16.13  shows  the 
response  of  the  bubble  detector  as  a  function  of  neutron  energy. 

The  bubble  dosimeter  is  reusable;  it  is  insensitive  to  gammas  (the  formation  of  the 
bubbles  is  based  on  the  stopping  power  of  the  recoil  nuclei  produced  by  collisions  with  neu¬ 
trons);  it  responds  to  a  neutron  energy  range  from  200  keV  to  about  14  MeV.  The  dose  range 
extends  from  less  than  1  mrem  to  1  rem.  The  useful  life  of  a  bubble  detector  is  3  months,  if 
recycled;  its  shelf  life  is  1  year.  Some  recent  applications  include  a  position-sensitive  bubble 
detector  for  three-dimensional  spectrometry  and  dosimetry,36  for  application  in  the  mea¬ 
surement  of  jet  aircrew  exposure  to  natural  background  radiation,37  and  for  superheated 
drop  as  a  neutron  spectrometer.38 
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FIGURE  16.13  The  response  of  the  neutron  bubble  dosimeter  as  a  function  of  neutron  energy. 
(From  http://www.medical.siemens.com.With  permission.) 


16.9.6  Pocket  Ionization  Dosimeter 

One  of  the  most  popular  personal  radiation  monitoring  instrument,  used  worldwide,  is  the 
pocket  ionization  dosimeter  or  sometimes  known  as  a  quartz  fiber  dosimeter.  Its  attrac¬ 
tiveness  is  primarily  due  to  its  reliability,  instant  readout  and  low  cost.  It  is  essentially  a 
quartz  glass  fiber  that  is  embedded  in  an  ionization  chamber  that  is  air-filled.  In  the  cham¬ 
ber,  one  end  is  a  metal  electrode  attached  to  a  terminal  for  recharging.  At  the  other  end 
is  the  quartz  fiber.  As  ionizing  radiation  passes  through  the  instrument,  it  ionizes  the  air, 
creating  electrons  and  positive  ions  and  reducing  the  charge  on  the  electrode.  The  quartz 
fiber  then  moves  toward  the  electrode,  which  can  be  seen  by  a  small  microscope.  The 
amount  of  movement  is  proportional  to  the  amount  of  radiation  dose.  While  these  dosim¬ 
eters  are  mainly  used  to  monitor  gamma  radiation,  a  neutron  pocket  dosimeter  based  on 
the  6Li(«,  a)3H  reaction  has  also  been  tested.39 

16.9.7  Electronic  Personal  Dosimeter 

The  electronic  personal  dosimeter  (EPD)  was  developed  by  England’s  National  Radiological 
Protection  Board.  The  EPD,  having  the  size  and  weight  of  a  small  pocket  pager,  uses  the 
latest  in  integrated  circuitry  technology.  It  is  a  solid-state  device  based  on  silicon  diodes. 
Complete  details  of  the  design  are  proprietary. 

The  objective  of  the  EPD  project  was  to  produce  a  dosimeter  that  is  accurate  over  a 
wide  energy  and  dose  range,  is  rugged,  and  can  communicate  with  a  computer  for  data  stor¬ 
age  and  subsequent  analysis.  All  indications  are  that  the  EPD  satisfies  these  requirements. 
It  is  small  and  rugged  and  the  energy  range  is  from  20  keV  to  7  MeV  for  gammas  and  250 
keV  to  1.5  MeV  (average  energy)  for  betas.  In  terms  of  dose,  the  dosimeter  can  display  doses 
from  1  |a.Sv  to  1  Sv  (0.1  mrem  to  100  rem)  and  dose  rates  from  1  jiSv/h  to  10  Sv/h  and  is 
equipped  with  audible  and  visual  alarms  that  can  be  set  only  by  authorized  persons. 

The  EPD  uses  infrared  links  to  interface  with  a  computer,  thus  providing  the  data 
to  authorized  persons  who  can  read  the  dose  received,  add  up  previous  exposures,  and 
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establish  dose-alarm  threshold  settings.  A  custom  lithium  battery  that  lasts  for  a  year  pow¬ 
ers  the  EPD.  Each  unit  is,  usually,  issued  to  a  radiation  worker  for  a  full  year. 

In  the  past  there  have  been  investigations  into  abnormal  responses  of  electronic  pocket 
dosimeters  caused  by  high  frequency  electromagnetic  fields40  and  access  control  systems 
for  radiation  facilities.41  Recent  applications  of  electronic  dosimeters  include  gamma-ray 
and  fast-neutron  responses,42  calculations  for  personal  electronic  dosimetry  purpose, 
response43  to  60Co  and  abnormal  responses  of  electronic  pocket  dosimeters  caused  by  high- 
frequency  electromagnetic  fields  emitted  from  digital  cellular  telephones.44 

16.9.8  Foil  Activation  Used  for  Neutron  Dosimetry 

Neutron  dosimetry  by  foil  activation  is  not  used  so  much  to  record  doses  received  by  person¬ 
nel  as  it  is  to  record  doses  to  materials,  instruments,  or  other  components  that  may  suffer 
radiation  damage  as  a  result  of  neutron  bombardment.  The  principle  of  this  method  was 
presented  in  Sections  14.4  and  14.6.  A  target,  in  the  form  of  a  thin  small  foil,  is  exposed  to  the 
neutron  field  and  becomes  radioactive.  The  relationship  between  activity  and  neutron  flux  is 

A(t)  =  Na<\>{l-e~Xt)  (16.34) 

where 

N  =  number  of  targets 
O  =  neutron  absorption  cross  section 
§  =  neutron  flux 

7  =  decay  constant  of  the  radioisotope  produced 

After  irradiation,  the  activity  A(t)  is  counted  and  the  flux  is  determined  from  Equation 
16.34.  Depending  on  the  foil  used  (reaction  involved),  information  about  the  neutron  energy 
spectrum  may  also  be  obtained.  Information  about  the  neutron  spectrum  tp (£)  is  necessary 
for  the  determination  of  the  neutron  dose  equivalent  H. 

16.10  PROPER  USE  OF  RADIATION 

Since  radiation  may  be  hazardous,  it  is  important  that  individuals  who  handle  ionizing 
radiation  follow  certain  rules  to  avoid  accidents.  The  official  rules  to  be  followed  by  all 
persons  licensed  to  handle  radioactive  materials  have  been  studied  and  proposed  by  bodies 
such  as  the  ICRP  and  the  National  Research  Council  (NRC),  which  is  an  arm  of  the  National 
Academy  of  Sciences.  The  proposed  standards  are  adopted  and  enforced  by  federal  agencies 
such  as  the  U.S.  NRC  and  the  Environment  Protection  Agency  (EPA).  The  NRC  and  EPA 
standards  for  protection  against  radiation  are  contained  in  Code  of  Federal  Regulations 45 
The  exposure  limits,  based  on  these  guidelines,  were  discussed  in  Section  16.8. 

To  protect  personnel,  areas  where  radiation  sources  are  used  are  marked  with  certain 
signs.  The  definitions  of  “radiation  areas”  and  the  corresponding  signs  are  as  follows4: 

“Radiation  area”  means  an  area,  accessible  to  individuals,  in  which  radiation  levels  could  result 
in  an  individual’s  receiving  a  dose  equivalent  in  excess  of  0.050  mSv  (5  mrem)  in  1  h  at  0.30  m 
from  the  radiation  source  or  from  any  surface  that  the  radiation  penetrates. 

“Restricted  area”  means  any  area  to  which  access  is  controlled  by  the  licensee  for  purposes  of 
protection  of  individuals  from  exposure  to  radiation  and  radioactive  materials.  “Restricted 
area”  shall  not  include  any  areas  used  as  residential  quarters,  although  a  separate  room  or 
rooms  in  a  residential  building  may  be  set  apart  as  a  restricted  area. 
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FIGURE  16.14  The  standard  radiation  symbol  with  dimensions  as  shown  has  a  yellow  background, 
with  the  hatched  area  being  magenta  or  purple. 

“High  radiation  area"  means  an  area,  accessible  to  individuals,  in  which  radiation  levels  from 
sources  external  to  the  body  could  result  in  an  individual  receiving  a  dose  equivalent  in  excess 
of  1  mSv  (100  mrem)  in  1  h  at  0.30  m  from  the  radiation  source  or  0.30  m  from  any  surface 
that  the  radiation  penetrates. 

Radiation  areas  should  be  marked  with  the  radiation  symbol  shown  in  Figure  16.14  and 
with  cautionary  signs.  If  necessary,  the  radiation  area  should  be  roped  off;  or  if  it  is  a  room, 
should  be  locked  to  keep  people  out. 

People  who  work  in  radiation  areas  or  use  radioisotopes  should  keep  in  mind  the  fol¬ 
lowing  simple  principle: 

Radiation  exposure  should  be  avoided,  if  at  all  possible.  If  exposure  is  necessary,  the  risk  from 
the  exposure  should  be  balanced  against  the  expected  benefit.  The  exposure  is  justified  if  the 
benefit  outweighs  the  risk. 

If  exposure  is  justified,  the  employer  and  the  employee  should  obey  the  ALAR  A  princi¬ 
ple  (Section  16.8).  Satisfying  ALARA  means  not  just  keeping  exposure  below  the  maximum 
allowed  limits;  it  means  taking  all  possible  “reasonably  achievable”  measures  to  minimize 
the  dose  received  in  any  task  that  has  to  be  performed.  The  best  assurance  against  violating 
ALARA  is  constant  education  and  training  of  the  radiation  workers.  Given  below  are  some 
commonsense  rules  that  have  proved  helpful  in  reducing  exposure. 

1.  Try  to  avoid  internal  exposure.  Substances  enter  the  body  by  mouth  (eating,  drink¬ 
ing),  by  breathing,  through  wounds,  and  by  injection.  Therefore,  in  places  where 
radioactive  materials  are  handled,  do  not  eat,  do  not  drink,  and  cover  all  wounds.  If 
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the  air  is  contaminated,  wear  a  mask.  Hands  should  be  washed  after  the  operation 
is  over  especially  if  no  protective  gloves  were  used. 

2.  Stay  close  to  the  source  of  radiation  for  as  short  a  time  interval  as  possible. 

3.  Use  protective  covers,  if  this  is  the  suggestion  of  the  health  physicist. 

4.  Place  the  source  behind  a  shield  or  in  a  proper  container. 

5.  If  practical,  wait  for  the  radiation  to  decay  to  a  safer  level  before  handling  it.  The 
exponential  decay  law  is  a  helpful  ally. 

6.  Stay  as  far  away  from  the  source  as  practical.  The  flux  of  a  point  isotropic  source 
decreases  as  1/r2  (r  =  distance  away  from  the  source). 

The  shielding  medium  that  should  be  used  is  not  the  same  for  all  types  of  radiation. 
Here  are  simple  suggestions  for  the  three  types  of  radiation  considered  in  this  book. 

Charged  particles.  Charged  particles  have  a  definite  range.  Therefore,  to  stop  them 
completely,  a  shielding  material  with  thickness  at  least  equal  to  the  range  (in  that  mate¬ 
rial)  of  the  most  penetrating  particle  should  be  placed  between  the  source  and  the  worker. 
A  few  millimeters  of  metal  will  definitely  stop  all  charged  particles  emitted  by  radioisotopic 
sources.  Some  bremsstrahlung  may  get  through,  though. 

Gammas.  A  beam  of  gammas  going  through  a  material  of  thickness  t  is  attenuated 
by  a  factor  exp(-pi),  where  p  is  the  total  linear  attenuation  coefficient  of  the  gamma  in 
that  medium.  The  higher  the  value  of  p,  the  smaller  the  thickness  t  that  reduces  the  inten¬ 
sity  of  the  beam  by  a  desired  factor.  In  theory,  the  beam  cannot  be  attenuated  to  zero 
level.  In  practice,  the  attenuation  is  considered  complete  if  the  radiation  level  equals  the 
background. 

The  attenuation  coefficient  p  increases  with  the  atomic  number  of  the  material.  The 
most  useful  practical  element  for  gamma  shielding  is  lead  (Z  =  82).  Lead  is  relatively  inex¬ 
pensive,  and  it  is  easy  to  melt  it  and  make  shields  with  it  having  the  desired  shape,  size,  and 
thickness. 

Neutrons.  Shielding  against  neutrons  is  more  difficult  than  shielding  either  against 
charged  particles  or  photons.  If  the  source  emits  fast  neutrons,  the  first  step  is  to  provide  a 
material  that  will  thermalize  the  neutrons.  Such  materials  are  water,  wax,  or  paraffin. 

Thermalized  neutrons  are  easily  absorbed  by  many  isotopes.  Examples  are  10B,  113Cd, 
and  115In.  Of  these,  the  most  practical  to  use  is  boron.  It  can  be  used  in  powder  form  or 
be  dissolved  in  water  or  liquid  wax.  A  very  simple  but  effective  shield  for  a  source  of  fast 
neutrons  is  0.15-0.30  m  of  wax  or  paraffin  to  which  boron  has  been  added.  The  thickness 
of  this  borated  material  may  change,  depending  on  the  strength  of  the  source  and  the 
amount  of  boron  added.  Cadmium  is  very  useful  in  sheet  form.  A  cadmium  sheet  3-6  mm 
[(1/8) — (1/4  in.)]  will  stop  a  thermal  neutron  beam  almost  completely.  Finally,  shields  have 
been  manufactured  that  are  flexible,  like  rubber,  yet  are  excellent  neutron  attenuators. 


16.11  HEALTH  PHYSICS  WITHIN  NUCLEAR  POWER 
PLANTS  AND  RADIOLOGICAL  FACILITIES 

1 6.1 1 .1  Active  Personal  Dosimeters 

Typically,  about  a  thousand  persons  are  employed  in  a  nuclear  power  plant,  as  reactor 
operators,  engineers,  technicians,  security  guards,  administrators,  and  so  on.  Exposure  of 
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workers  to  radiation  occurs,  primarily,  at  the  time  of  refueling,  when  the  highly  radioactive 
spent  fuel  is  taken  out  of  the  core  and  moved  to  an  onsite  facility  and  new  fuel  is  placed 
in  the  reactor  core.  Typically,  about  a  thousand  persons  are  employed  in  a  nuclear  power 
plant,  as  reactor  operators,  engineers,  technicians,  security  guards,  administrators,  and  so 
on.  Exposure  of  workers  to  radiation  occurs,  primarily,  at  the  time  of  refueling,  where  the 
highly  radioactive  spent  fuel  is  taken  out  of  the  core  and  moved  to  an  onsite  facility  and 
new  fuel  is  placed  in  the  reactor  core.  For  U.S.  nuclear  plants,  refueling  takes  place  every  18 
months  to  2  years.  Exposure  of  radiation  can  also  happen  when  workers  enter  areas  inside 
the  containment  for  maintenance.  Following  U.S.  NRC  (and  other  similar  international 
regulatory  bodies)  and  the  ALARA  principle,  strict  and  accurate  monitoring  of  the  workers 
is  required. 

Electronic  dosimeters  have  been  in  existence  for  many  years46-50;  however,  online  or 
active  personal  dosimeters  are  now  more  common.  These  devices  give  instant  readings  of 
radiation  fields.  The  development  of  an  online  hybrid  electronic  radiation  dosimeter  for  a 
mobile  robot51  inside  a  nuclear  power  plant  has  also  been  reported. 

16.11.2  Continuous  Air  Monitors  (CAM)  and  Continuous 
Air  Particulate  Monitors  (CAPM) 

For  many  years,  CAMs  or  CAPMs  have  been  employed  in  nuclear  power  plants  and  nuclear 
facilities  to  detect  alpha,  beta,  and  gamma  radiation.  The  basic  principle  relies  on  a  pump 
that  draws  air  to  a  filter  medium,  which  is  placed  above  a  detector.  Typically,  GM  counters, 
Nal  detectors,  or  plastic  scintillators  are  used  for  gross  beta-gamma  counting.  In  some 
circumstances,  either  a  high-purity  germanium  detector  or  alpha  detector  is  used  for  more 
detailed  radionuclide  identification. 

Other  applications  include  the  use  of  a  CAM  in  a  plutonium  facility,52  determination 
of  gaseous  radionuclide  forms  in  the  stack  air  of  nuclear  power  plants,53  the  effectiveness 
of  the  alpha-beta-pseudo-coincidence-difference  methods  in  airborne  alpha-activity  moni¬ 
toring,54  gaseous  standards  preparation  with  the  radionuclide  41  Ar  for  stack  monitors  cali¬ 
bration  and  verification  in  nuclear  facilities,55  and  performance  evaluation  of  the  sampling 
head  and  annular  kinetic  impactor  in  the  Savannah  River  site  alpha  continuous  air  moni¬ 
tor.56  The  measurement  of  the  size  of  plutonium  particles  from  internal  sputtering  into  air 
can  be  performed  using  size-segregated  filters,57  while  performance  testing  of  CAMs  for 
alpha-emitting  radionuclides  has  also  been  done.58 

16.11.3  Area  Monitors  and  Environmental  Monitoring 

Besides  radiation  monitoring  within  nuclear  power  plants  and  radiological  facilities,  site 
perimeter  and  environmental  monitoring  are  legally  mandated.  The  detection  systems 
often  called  radiation  area  monitors  are  placed  onsite  and  at  the  perimeter  of  nuclear  power 
plants.  Typically,  GM  counters,  Na(I)  detectors,  and  129I  particulate  systems  are  used,  which 
are  then  remotely  controlled.  For  environmental  monitoring  usually  done  at  least  once  a 
year,  biological  and  geological  samples  are  collected  and  then  analyzed  for  alpha,  beta,  and 
gamma  radiation.  Samples  may  include  soil  vegetation,  water,  local  dairy  milk,  and  aquatic 
life.  Often,  because  of  very  low  levels  of  radiation,  radiochemistry  procedures  to  concen¬ 
trate  the  sample  need  to  be  implemented  before  the  standard  techniques  as  outlined  in  the 
previous  chapters  can  be  employed. 
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Other  related  research  has  included  the  development  of  radiation  area  monitors  for 
accelerator  applications,59  daily  variations  of  indoor  air-ion  and  radon  concentrations,60  and 
Latin  American  and  Caribbean  intercomparison  of  radiation  protection  area-monitoring 
instruments.61 


1 6.1 1 .4  Foot  and  Hand  Surface  Contamination  Monitors 

Workers  who  actively  handle  radioactive  materials  are  usually  required  to  check  themselves 
before  leaving  the  premises  on  foot  and  hand  surface  contamination  monitors.  These  large 
devices  typically  employ  proportional  detectors  for  beta  detection  and  gas  flow  propor¬ 
tional  counters  for  alpha  and  beta  detection.  A  more  complete  description  of  these  devices 
is  available  from  industrial  manufacturers.62,63 

16.11.5  Whole-Body  Counters 

Whole-body  counters  are  primarily  used  for  quick  gamma  radiation  monitoring  of  people 
leaving  nuclear  power  plants  and  radiological  facilities  as  well  as  more  thorough  nonevasive 
examinations  of  individuals  working  in  radiation  environments.  For  quick  scans,  usually  a 
Nal  is  employed.  However,  for  more  detailed  determination  of  potential  inhaled  or  ingested 
gamma  emitting  radionuclides,  a  single  or  multitude  of  germanium  detectors  are  used. 
These  counters  are  calibrated  using  the  bottle  manikin  absorber  phantom  (BOMAB)  for 
various  geometrical  positions,  including  standing,  sitting,  and  lying  down.  First  developed 
in  1949, 64  the  phantom  consists  of  10  polyethylene  bottles,  either  cylinders  or  elliptical  cyl¬ 
inders  that  represent  the  head,  neck,  chest,  abdomen,  thighs,  calves,  and  arms.  Each  section 
is  filled  with  a  radioactive  solution,  in  water,  that  has  the  amount  of  radioactivity  propor¬ 
tional  to  the  volume  of  each  section.  This  simulates  a  homogeneous  distribution  of  material 
throughout  the  body.65  Some  recent  investigations  include  the  calculation  of  a  size  correc¬ 
tion  factor  for  a  whole-body  counter,66  depth  of  gamma  ray  interaction  positron  emission 
tomography  system,67  and  an  MCNP-based  calibration  method  and  a  voxel  phantom  for 
in  vivo  monitoring  of 241  Am  in  skull.68 
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PROBLEMS 


16.1  What  is  the  total  dose  received  by  an  individual  standing  in  front  of  the  open  beam 
port  of  a  research  reactor  for  10  s  under  the  radiation  levels  listed  in  the  figure 
below? 


Core 

◄ - 


> 

> 

> 


*/>-./  /  1  ^  /  ■  XI 

N/-V 


A 


108  fast  neutrons/(m2  s) 

109  thermal  neutrons/(m2  s) 

107  y/(m2  s)  (Ey  =  2  MeV) 

108  y/(m2s)(£y=0.5MeV) 
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16.2  What  is  the  dose  rate  per  curie  of  24Na  if  it  is  shielded  by  0.025  m  of  lead  as  shown 
below?  24Na  emits  a  1.37-MeV  gamma  and  a  2.75-MeV  gamma  100%  of  the  time, 
betas  with  £max  =  4.17  MeV  0.003%  of  the  time,  and  betas  with  £max  =  1.389  MeV 
100%  of  the  time. 


Source 


16.3  As  a  result  of  carelessness,  a  worker  inhaled  1  pg  of  241Am.  Considering  alpha  parti¬ 
cles  only  and  assuming  that  the  americium  is  spread  uniformly  in  the  bones,  (a)  what 
is  the  dose  rate  at  the  time  of  the  accident  and  (b)  what  is  the  total  dose  to  that  indi¬ 
vidual?  For  241Am,  TR  =  433  years  and  TB  =  200  years,  mass  of  bones  =  10  kg. 

16.4  What  is  the  dose  rate  0.30  m  away  from  1  Ci  of  60Co  if  (a)  the  attenuating  medium 
is  air,  and  (b)  if  the  source  is  shielded  by  0.01  m  of  aluminum? 

16.5  What  is  the  thickness  of  a  lead  container  that  will  result  in  a  dose  rate  at  its  surface 
of  2.5  mrem/h  =  2.5  x  10“5  Sv/h,  if  it  is  used  to  store  1  Ci  of  124Sb?  124Sb  emits  the 
following  gammas: 
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1.37 
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2 
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14 

1.31 
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1.692 

50 
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16.6  What  is  the  dose  rate  due  to  the  124Sb  of  Problem  16.5  at  a  distance  equal  to  the 
thickness  of  the  container,  if  the  attenuating  medium  is  air? 

16.7  A  1-Ci  sample  of  60Co  is  stored  behind  a  concrete  and  lead  shield  as  shown  below. 
What  is  the  dose  rate  at  point  P ? 


16.8  What  is  the  dose  rate  at  1  foot  away  from  a  56Mn  foil  with  activity  1  mCi  (37  MBq)? 
Consider  only  the  dominant  gamma-ray  emitted. 

16.9  The  isotope  "mTc  is  used  in  vivo  for  diagnostic  purposes  in  humans.  It  emits  x-rays 
with  energy  140  keV  and  betas  with  £max  =  0.119  MeV.  If  a  person  is  injected  with 
1  pCi  of  this  isotope,  what  is  the  total  dose  to  the  brain,  assuming  that  all  of  the 
isotope  is  uniformly  distributed  there?  (Mass  of  the  brain  =  1.5  kg.) 

16.10  If  all  the  water  in  the  human  body  were  suddenly  changed  to  TzO(T  =  3H),  what 
would  be  the  total  dose  to  that  individual?  Assume  61%  of  the  body  is  water. 

16.11  If  1  pCi  of  239Pu  is  inhaled  by  breathing  and  gets  into  the  lungs,  what  will  be  the  total 
dose  to  that  individual?  ( TR  =  24,100  years,  TB  =  200  years,  mass  of  lungs  =  1  kg.) 

16.12  Calculate  the  total  dose  rate  at  the  center  of  a  spherical  submarine  submerged  in 
contaminated  water  with  activity  1  Ci/m3  of  137Cs.  The  submarine  is  made  of  steel 
0.025  m  thick.  Its  radius  is  1.5  m  and  it  is  filled  with  air  at  1  atm. 

16.13  What  is  the  annual  dose  to  a  person  due  to  the  40I<  found  in  every  human  body? 
The  isotopic  abundance  of  40I<  in  potassium  is  0.0119%.  The  human  body  contains 
1.7  x  101  kg  of  potassium  per  kg.  40I<  emits  the  following  radiations: 


Particle 

Energy  (MeV) 

Intensity  (%) 

P- 

131 

89 

P+ 

0.49 

10~3 

Y 

1.46 

11 

Y 

0.511 

2  x  1 0-3 

16.14  For  a  diagnostic  procedure,  1  pCi  of  32P  was  introduced  to  the  brain  of  an  adult 
person.  32P  emits  betas  with  £jnax  =  1.709  MeV;  its  half-life  is  14.3  days;  its  biological 
half-life  is  257  days.  Determine  (a)  the  dose  rate  to  the  brain  at  the  time  of  injection 
and  (b)  the  total  dose  received  (committed  dose  equivalent,  HTS0).  Take  the  mass  of 
the  brain  as  1.5  kg. 

16.15  A  “hot  particle”  (a  tiny  speck  of  radioactive  material)  was  lodged  on  the  palm  of  a 
radiation  worker,  from  where  it  was  removed  after  10  min  of  scrubbing.  What  is 
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the  estimated  total  dose  received  by  the  tissue  exposed  to  this  radiation  if  it  was 
determined  that  the  radioactivity  came  from  a  beta  emitter  with  £max  =  1.7  MeV, 
half-life  equal  to  2  days,  and  initial  estimated  activity  equal  to  1.3  mCi? 

16.16  Show  that  the  doubling  dose  for  radiation-induced  mutations  is  between  0.5 
and  2.5  Sv  (50-250  rem)  if  the  probability  to  induce  a  mutation  by  irradiation  is 
2  x  10-4  per  Sv. 
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17.1  INTRODUCTION 

The  twentieth  century  has  often  been  associated  with  the  advent  of  nuclear  science  and 
technology:  the  use  of  the  atomic  bomb  to  finally  end  World  War  II,  the  development  of 
nuclear  power  for  the  generation  of  electricity,  and  the  use  of  nuclear  medicine  to  help 
with  diagnosis  and  treatment  of  various  diseases,  including  cancer.  Despite  the  many  ben¬ 
efits  to  mankind  from  the  nuclear  enterprise,  geopolitical  events  (from  terrorism  to  rogue 
nuclear  states)  have  put  the  misuse  of  nuclear  technology  into  the  forefront  of  concerns 
to  the  worldwide  general  population  as  well  as  to  international  agencies  (IAEA,  OECD, 
etc.)  and  evoked  such  passion,  manifested  as  a  division  into  pro-  and  antinuclear  camps. 
Nuclear  forensics  is  one  area,  ever  increasing  in  use,  which  has  not  encountered  great 
opposition,  so  far. 

In  the  fifteenth  century,  the  Latin  term  “forensis”  came  into  being,  meaning  to  belong 
to  the  public  forum.  Later,  the  word  "forensics”  was  incorporated  into  the  English  language 
to  mean  “pertaining  to,  connected  with,  or  used  in  courts  of  law  or  public  discussion  and 
debate.”  In  recent  years,  the  word  “forensics”  has  been  popularized  in  the  media  and  pop 
culture  in  the  many  television  shows  and  movies  as  part  of  crime  scene  investigations. 
Today,  one  can  consider  the  term  “nuclear  forensics”  to  mean  the  detection  of  nuclear  mate¬ 
rials  before  they  are  used  in  a  terrorist  plot  or  government-sponsored  testing  (pre-detona¬ 
tion),  the  analysis  of  radioactive  debris  following  a  nuclear  event,  or  the  investigation  of  the 
pedigree  of  nuclear  materials  in  nonproliferation  efforts  by  the  international  community. 

The  United  States  Department  of  Homeland  Security  (http://www.dhs.gov/national- 
technical-nuclear-forensics-center)  defines  nuclear  forensics  as  the  thorough  collection, 
analysis  and  evaluation  of  radiological  and  nuclear  material  in  a  pre-detonation  state 
and  post-detonation  radiological  or  nuclear  materials,  devices  and  debris,  as  well  as  the 
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immediate  effects  created  by  a  nuclear  detonation.  Nuclear forensics  conclusions,  fused  with 
law  enforcement  and  intelligence  information,  may  support  nuclear  attribution— the  identi¬ 
fication  of  those  responsible  for  planned  and  actual  attacks.  A  nuclear  attribution  capabil¬ 
ity  is  necessitated  by  the  proliferation  of  nuclear  technology,  materials,  and  the  existence  of 
nations  and  terrorist  groups  who  may  attempt  to  intimidate  or  defeat  the  United  States  and 
its  allies  through  the  coercive  or  actual  use  of  nuclear  or  radiological  weapons. 

Nuclear  nonproliferation  is  primarily  concerned  with  the  spread  of  nuclear  weap¬ 
ons  technology  to  states  and  groups  that  should  not  acquire  such  technology.  A  second¬ 
ary  focus,  albeit  a  political  one,  is  the  reduction  or  elimination  of  nuclear  weapons.  Lastly, 
nuclear  security  encompasses  issues  related  to  materials  protection,  inventory  accountabil¬ 
ity,  and  the  thwarting  of  clandestine  nuclear  activity.  An  overview  of  the  interdisciplinary 
overlap  of  these  three  areas  is  shown  in  Figure  17.1. 

This  chapter  presents  the  development  of  and  testing  of  nuclear  analytical  and  radia¬ 
tion  detection  systems  that  are  vital  to  the  areas  shown  in  Figure  17.1.  The  advances  in 
detector  efficiency  and  miniaturization  have  greatly  improved  radiation  monitoring.  More 

recently,  the  rise  of  terrorism,  homeland  security,  and  concerns 
about  the  security  of  nuclear  materials  have  stimulated  the 
advances  in  sophisticated  radiation  detection  systems.  Many 
of  these  systems  include  the  use  of  large  array  of  detectors  for 
smuggling  interdiction,  neutron  interrogation  methods  for  spe¬ 
cial  nuclear  materials  (SNMs),*  and  various  gamma  ray  detec¬ 
tors  for  low-level  radiation  monitoring.  Equally  important  has 
been  the  use  of  computer  codes  such  as  MCNP  (Monte  Carlo 
N-Particle)  (https://mcnp.lanl.gov)  and  GEANT  (Geometry 
and  Tracking)  (http://geant4.cern.ch)  to  model  the  interactions 
of  radiation  in  complex  geometries,  with  materials  (including 
SNMs)  for  detection  improvement  or  to  predict  outcomes  of 
shielding  of  SNM. 

This  chapter  cannot  adequately  cover  all  the  latest  detec¬ 
tion  technologies  used  in  nuclear  forensics,  nuclear  nonprolif¬ 
eration,  and  nuclear  security.  What  is  presented  is  a  sampling 
of  radiation  detection  technologies  not  previously  presented  in 
the  first  three  editions.  The  scientific  background  needed  for 
the  understanding  of  these  techniques  has  been  adequately 
covered  in  the  previous  chapters. 

17.2  NUCLEAR  FORENSICS  INSTRUMENTATION 

There  are  essentially  three  scenarios  in  nuclear  forensics.  One  is  the  detection  of  SNM  or 
radioactive  isotopes  that  can  be  deployed  as  a  radiological  dispersive  device  (RDD)  also 
known  as  “dirty  bomb.’’  These  radionuclides  include  137Cs,  60Co,  241  Am,  252Cf,  192Ir,  238Pu, 
210Po,  226Ra,  and  90Sr.  The  United  States  Nuclear  Regulatory  Commission1  has  a  detailed 
fact  sheet  on  “dirty  bombs.”1  The  proof  of  identity  of  the  radioactive  isotopes  after  the 


FIGURE  17.1  Interdisciplinary  overlap  of  nuclear  foren¬ 
sics,  nuclear  nonproliferation,  and  nuclear  security. 


Special  nuclear  material  (SNM)  is  defined  as  follows  by  the  NRC:  Pu,  233U,  U  enriched  to  the  isotope  233  or  235 
and  any  other  material  that  the  NRC  determines  to  be  SNM;  or  any  material  artificially  enriched  by  any  of  the 
foregoing. 
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detonation  of  a  nuclear  device  is  the  second  scenario  of  nuclear  forensics  while  the  prov¬ 
enance  (origin)  of  the  nuclear  material  is  the  third  one. 

Any  post-event  scenario  decidedly  means  that  an  array  of  nuclear  techniques  will  be 
needed  to  identify  both  the  radioactive  isotopes  and  their  quantities.  Methodologies  such 
as  inductively  couple  plasma-mass  spectrometry  (ICP-MS;  http://en.wikipedia.org/wiki/ 
Inductively_coupled_plasma_mass_spectrometry)  and  isotope  dilution-thermal  ioniza¬ 
tion  mass  spectrometry  (TIMS;  http://en.wikipedia.org/wiki/Thermal_ionization_mass_ 
spectrometry)  and  secondary  ion  mass  spectrometry  (SIMS;  https://en.wikipedia.org/wiki/ 
Secondary_ion_mass_spectrometry)  are  not  discussed.  Typically,  the  use  of  alpha  spec¬ 
trometry,  beta  counting,  and  gamma  ray  spectrometry  are  the  three  leading  techniques. 
These  topics  have  been  discussed  in  the  previous  chapters. 

17.2.1  Passive  Detection  of  Nuclear  Materials 

The  concealment  of  235U  and  239Pu  or  of  materials  for  potential  RDDs  poses  an  enormous 
technological  challenge,  since  often  such  systems  are  usually  shielded.  The  basis  of  pas¬ 
sive  detection  systems  is  (a)  detection  of  x-rays  and  gamma  rays  emitted  by  the  decaying 
isotopes  and  (b)  detection  of  neutrons  from  spontaneous  fission  and  (a,  n)  reaction  in  the 
material  under  investigation.  All  of  the  isotopes  in  potential  SNM  samples  undergo  spon¬ 
taneous  fission,  albeit  at  different  rates.  The  predominant  decay  mode  is  alpha  decay;  the 
alphas,  produce  neutrons  by  (a,  n)  reactions.  Two  examples  of  such  reactions  are 

lsO  +  4He  21Ne  +  3n  and  19F  +  4He  ->  22Na  +  xn 

All  isotopes  of  interest  in  safeguards  also  emit  photons.  The  predominant  photons 
emitted  are  shown  in  Table  17.1.  The  energies  of  the  photons  are  used  as  markers  for  the 
identification  of  isotopes.  There  are  two  factors  that  create  difficulties  with  passive  detec¬ 
tion  methods.  One  is  the,  relatively,  low  emission  rate  of  neutrons,  and  the  other  is  the  fact 
that  the  emitted  photons  are  generally  "soft,”  thus  easily  absorbed  by  intervening  materials. 

In  most  cases,  the  suspect  package  is  big  in  size  (e.g.,  the  cargo  in  a  big  truck).  Hence, 
portal  monitors  that  are  essentially  very  large  detection  systems  are  employed  to  detect 
SNM  or  dirty  bomb  material,  entering  or  leaving  places  of  security  concern.  These  moni¬ 
tors  incorporate  an  array  of  scintillation  detectors  for  gammas  and/or  3He  neutron  detec¬ 
tors  for  passive  detection  of  gammas  and/or  neutrons  emitted  by  radionuclides  or  SNMs 
such  as  enriched  uranium  or  plutonium.  There  are  essentially  two  types  of  portal  systems: 


TABLE  17.1 

Major  Gamma  Ray  Signatures  of  Nuclear  Materials 

Isotope 

Half-Life  (Year) 

Energy  (keV) 

233U 

1.592  x  103 

291.3,317.2, 2614 

235|j 

7.038  x  108 

185.7, 143.8 

238|j 

4.468  x  109 

766.4, 1001 

237Np 

2.14  x  106 

312.2 

239Pu 

2.415  x  104 

129.3,413.7 

240Ru 

6568 

160.3 

241  Pu 

14.35 

148.6, 208 

241  Am 

432.7 

59.5,125.3 

243Am 

7370 

75,  117.6, 142 
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FIGURE  17.2  Truck 
driving  through  the 
Department  of  Homeland 
Security,  portal  monitor 
test  area  at  the  Nevada 
test  site.  (Courtesy 
of  National  Nuclear 
Security  Administration/ 
Nevada  Field  Office.  With 
permission.) 


one  for  pedestrians  and  one  for  vehicles.  There  are  several  factors  that  need  to  be  taken  into 
account  to  maximize  the  probability  of  detection.  In  gamma  ray  identification,  shielding 
of  the  material  either  by  design  (as  in  smuggling)  or  just  by  the  presence  of  other  nearby 
objects  is  the  main  obstacle.  However,  for  isotopic  content  of  SNM,  ambient  background; 
electronic  noise;  distance  between  the  detectors;  type,  number,  or  size  of  radiation  detec¬ 
tors;  and  passage  speed  of  the  vehicle  all  can  affect  the  performance  of  the  portal  moni¬ 
tors.  False-positive  gamma  ray  identification  is  another  problem  usually  associated  with  the 
presence  of  naturally  occurring  radioactive  materials. 

Research  in  this  area  has  included  sensitivity  tests  and  risk  evaluation  for  steelworks 
portal  systems,2  a  methodology  for  improving  throughput  using  portal  monitors,3  sensi¬ 
tivity  studies,4  test  sources  for  portal  monitors  used  for  homeland  security,5  response  of 
radiation  portal  monitors  to  medical  radionuclides  at  border  crossings,6  and  development 
of  international  standards  for  instrumentation  used  for  detection  of  illicit  trafficking  of 
radioactive  material.7  The  International  Atomic  Energy  Agency8  has  outlined  three  levels  of 
combating  illicit  nuclear  trafficking:  (1)  preventive  level  with  physical  protection,  (2)  detec¬ 
tive  level  with  border  control,  and  (3)  response  level  with  nuclear  forensics.  The  optimiza¬ 
tion  process  for  a  radioactive  material  detection  spectroscopic  portal,  designed  to  detect 
and  identify  radioactive  materials  concealed  inside  cargo  containers,  based  on  a  combina¬ 
tion  of  conventional  Nal(Tl)  gamma  detectors  and  3He  neutron  detectors,  is  described  in 
Reference  9.  The  optimization  of  the  use  of  3He  in  radiation  portal  monitors  is  also  well 
investigated.10  A  typical  portal  monitor  is  shown  in  Figure  17.2. 

There  is  extensive  information  on  portal  monitors  from  the  Department  of  Homeland 
Security  Office  of  Inspector  General  (http://www.oig.dhs.gov)  and  private  companies 
such  as  Ludlum  Measurements  Inc.  (http://safeguard.ludlums.com),  Rapiscan  Systems 
(http://www.rapiscansystems.com),  Thermo  Scientific  (http://www.thermoscientific.com/en/ 
home.html),  Berkeley  Nucleonics  Corporation  (http://www.berkeleynucleonics.com),  and 
Polimaster  (http://www.polimaster.us)  to  name  but  just  a  few. 


17.2.2  Interrogation  Radiation  Detection  Systems 

Since  the  1990s,  interrogation  techniques  have  been  used  to  assay  uranium  and  plutonium 
in  waste  containers.  These  methods  have  been  further  developed  as  part  of  nonprolifera¬ 
tion  measures  and  various  homeland  security  programs.  The  basic  principle  of  interroga¬ 
tion  techniques  is  this:  neutrons  or  gammas  from  an  external  source  bombard  the  suspect 
material  and  cause  fissions  in  the  fissile  materials  (if  fissile  materials  are  present).  Detection 
of  radiations  that  result  from  fission  indicate  the  presence  of  fissile  material.  Prompt  gamma 
rays  may  also  be  detected. 

A  very  common  neutron  source  is  14-MeV  fast  neutrons  produced  from  (D,T)  reac¬ 
tions.  A  second  source  is  252Cf  generating  fast  neutrons  from  the  spontaneous  fission  of  that 
isotope.  For  photofission  to  occur,  gammas  with  energy  6  MeV  (the  approximate  photofis¬ 
sion  threshold)  or  greater  are  required.  Such  high-energy  photons  are  produced  as  brems- 
strahlung  using  an  electron  accelerator  (the  accelerated  electrons  are  directed  against  a 
solid  target  and  all  their  kinetic  energy  is  transformed  into  photons  “bremsstrahlung”;  see 
Chapter  4). 

Various  types  of  research  have  been  done  in  this  area  and  many  references  are  given 
next:  Use  of  the  14-MeV  neutrons  in  the  detection  of  explosives,11  chemical  composi¬ 
tion  identification  using  fast  neutrons,12  comparison  of  neutron  and  high-energy  x-ray 
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dual-beam  radiography  for  air  cargo  inspection,13  fast  neutron  and  gamma  ray  interrogation 
of  air  cargo  containers,14  a  review  of  neutron-based  nonintrusive  inspection  technique,15 
measurement  of  14-MeV  neutron-induced  prompt  gamma  ray  spectra  from  15  elements 
found  in  cargo  containers,16  and  the  role  of  neutron-based  inspection  techniques.17  There 
are  also  portable  neutron  interrogation  systems,18,19  militarily  fielded  thermal  neutron  acti¬ 
vation  sensor  for  landmine  detection,20  photofission  in  uranium  by  nuclear  reaction  gamma 
rays,21  decay  chains  and  photofission  investigation  based  on  nuclear  spectroscopy  of  highly 
enriched  uranium  sample,22  active  detection  of  small  quantities  of  shielded  highly  enriched 
uranium,23  and  a  portable  neutron  generator  for  the  associated  particle  technique.24 

More  recently,  a  review  article  (Reference  25)  on  the  new  developments  in  active  inter¬ 
rogation  of  SNM  has  been  published  with  a  focus  on  detection  and  characterization  capa¬ 
bilities  in  environments  where  passive  detection  fails.  The  use  of  activation  techniques  to 
detect  SNM  maritime  environments  has  been  studied.26  In  Reference  26,  the  methodol¬ 
ogy  is  presented  along  with  a  technique  for  calculating  the  required  interrogation  source 
strength  using  computer  simulations  employing  the  MCNP  computer  code. 

Other  published  research  papers  on  activation  interrogation  techniques  include  the 
acquisition  of  prompt  gamma  ray  spectra  induced  by  14-MeV  neutrons  and  comparison 
with  Monte  Carlo  simulations,27  simulations  of  multigamma  coincidences  from  neutron- 
induced  fission  in  SNMs,28  neutron  interrogation  of  shielded/unshielded  uranium  by  a 
4-MeV  linac,29  and  nuclear  material  identification  system  with  imaging  and  gamma  ray 
spectrometry  for  plutonium  and  highly  enriched  uranium.30  Figure  17.3  depicts  in  detail 
the  fast  neutron  imaging  systems  at  Oak  Ridge  National  Laboratory. 

17.2.3  Alpha  Spectrometry 

Alpha  spectrometry  is  based  on  the  detection  of  alpha  particles  emitted  by  fissile  isotopes 
of  interest.  Since  the  alphas  have  different  energies,  isotope  identification  is  possible.  Table 
17.2  shows  alpha  particle  energies  for  the  most  important  fissile  isotopes. 

Previous  studies  utilizing  alpha  spectrometry  include  the  determination  of  239Pu/240Pu 
isotopic  ratio,31  characterization  of  radioactive  particles,32  detection  of  previous  neutron 
irradiation  and  reprocessing  of  uranium  materials,33  a  critical  evaluation  of  different  iso¬ 
tope  correlations  for  the  determination  of  242Pu,34  and  the  determination  of  plutonium 
content  in  high  burnup  pressurized  water  reactor  fuel  samples  and  its  use  for  isotope  cor¬ 
relations  for  isotopic  composition  of  plutonium.35 

17.2.4  Gamma  Ray  Spectrometry-Coincidence  Techniques 

Gamma  rays  are  commonly  used  to  identify  and  quantify  radionuclides  in  nuclear  foren¬ 
sics  applications.  Almost  all  the  isotopes  of  interest  emit  photons  from  low-  to  mid-level 
energies,  but  their  abundances  may  also  be  from  low  to  high  levels.  An  international  exer¬ 
cise  in  the  analysis  of  gamma  spectrometric  data  of  radioactive  materials  for  malevolent 
use  has  been  conducted36  to  ascertain  the  usefulness  of  these  photons.  An  initial  study 
to  investigate  ultra-high-resolution  gamma  ray  spectrometer  development  for  nuclear 
attribution  and  nonproliferation  applications  has  been  undertaken37  while  an  uncertainty 
assessment  in  gamma  spectrometric  measurements  of  plutonium  isotopic  ratios  and  age 
was  also  published,38  while  the  determination  of  isotopic  ratios  of  uranium  samples  for 
235U  and  238U  using  passive  gamma  spectroscopy  with  multiple  detectors  has  also  been 
accomplished.39 
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FIGURE  17.3  Imaging  systems  with  NMIS  or  FNMIS  and  APNIS  in  conjunction  with  D-T  neutron 
generator.  (From  Oak  Ridge  National  Laboratory.  With  permission.) 


The  use  of  sophisticated  coincidence  and  anticoincidence  techniques  to  lower  back¬ 
grounds  and  thus  increase  analytical  sensitivities  for  radiation  detection  have  been  in  exis¬ 
tence  for  many  years.  (Coincidence-anticoincidence  techniques  have  been  presented  in 
Section  10.8.)  Nuclear  physicists  have  used  these  methods  primarily  to  deduce  complex 
decay  schemes  and  assign  spin  numbers  to  the  various  nuclear  levels.  In  the  1970s,  coinci¬ 
dence  and  anticoincidence  methods  (primarily  Compton  suppression;  see  Section  12.2.2) 


TABLE  17.2 

Energies  of  Alpha  Particles  Emitted  by  Important  Fissile  Materials 

Alpha  Energy 

Alpha  Energy 

Alpha  Energy 

Isotope 

(MeV)  and  Intensity 

(MeV)  and  Intensity 

(MeV)  and  Intensity 

233J 

4.82  (83%) 

4.78(15%) 

234|j 

4.77  (72%) 

4.72  (28%) 

235J 

4.58  (8%) 

4.40  (57%) 

4.37  (1 8%) 

238|j 

4.20  (75%) 

4.15(15%) 

238Pu 

5.50  (72%) 

5.46  (28%) 

239Pu 

5.16(88%) 

5.11  (11%) 

240pu 

5.17(76%) 

5.12(24%) 

241  Pu 

4.85  (0.0003%) 

4.90  (0.001%) 

242  Pu 

4.86  (24%) 

4.90  (76%) 
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FIGURE  17.4  Cut-away  view  of  a  Compton  suppression.  The  Nal  detector  is  in  anticoincidence 
with  the  germanium  detector.  Every  time  a  gamma-ray  from  a  source  is  detected  by  the  germa¬ 
nium  detector  and  Compton  scatters  into  the  Nal  detector  that  event  is  suppressed. 

began  to  appear  in  very  low-level  environmental  gamma  ray  detection  measurements.  Two 
review  articles  appeared  in  the  1990s  on  these  methods.40’41  In  coincidence  techniques, 
specific  signals  of  alpha  or  beta  particles,  or  gamma  rays  from  radioactive  isotopes  are 
electronically  gated  (within  a  short-time  sequence,  usually  -100  ns)  with  two  detectors 
to  reduce  the  background  levels.  A  more  recent  review  article  on  Compton  suppression 
systems  for  environmental  radiological  analysis42  has  been  published  while  a  recent  paper 
on  Compton-suppressed  gamma  spectrometry  for  comprehensive  nuclear-test-ban  treaty 
samples43  has  also  appeared. 

Past  work  has  also  included  (3-y  coincidence  for  radioxenon  detection,44  a  neutron- 
induced  prompt  gamma  ray  spectroscopy  system  using  a  252Cf  neutron  source  for  quanti¬ 
tative  analysis  of  aqueous  samples,45  analysis  of  26A1  in  meteorite  samples  by  coincidence 
gamma  ray  spectrometry,46  application  of  neutron  well  coincidence  counting  for  plutonium 
determination  in  mixed  oxide  fuel  fabrication  plant,47  and  coincidence  and  anticoincidence 
measurements  in  prompt  gamma  neutron  activation  analysis  with  pulsed  cold  neutron 
beams.48 

As  discussed  in  Section  12.2.2,  Compton  suppression  methods,  gamma  rays  that  scat¬ 
ter  into  another  detector,  usually  a  Nal  or  BGO  (bismuth  germinate),  are  suppressed.  This 
effect  leads  to  a  reduction  of  the  background  up  to  a  factor  of  10  or  more.  This  technique 
has  been  effectively  used  in  a  wide  range  of  neutron  activation  analysis  and  fission  product 
identification  research.  Topics  have  included  assessment  of  a  Compton-event  suppression 
y-spectrometer  for  the  detection  of  fission  products  at  trace  levels,49  low-level  gamma  spec¬ 
trometry  using  beta  coincidence  and  Compton  suppression,50  analysis  for  trace  elements  in 
some  cereals  and  vegetables  using  neutron  activation  analysis  for  short-lived  nuclides,51  the 
determination  of  uranium  in  food  samples  by  Compton  suppression  epithermal  neutron 
activation  analysis,52  and  an  evaluation  of  Compton  suppression  neutron  activation  analysis 
for  the  determination  of  trace  elements  in  geological  samples.53  A  typical  cut-away  view  of 
a  Compton  suppression  system  is  seen  in  Figure  17.4. 


17.3  CHRONOMETRY 


An  important  part  of  nuclear  forensics  is  the  determination  of  the  age  of  the  nuclear  mate¬ 
rial.  Chronometry  is  the  science  of  the  measurement  of  time.  In  nuclear  forensics,  chro- 
nometry  is  based  on  the  concept  that  the  composition  of  the  nuclear  material  changes  as 
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FIGURE  17.5  Daughter  products  of  plutonium  isotopes. 


samples  are  prepared  and  analyzed  because  two  or  more  isotopes  are  present  with  dif¬ 
ferent  half-lives.  Such  information  can  be  used  to  elicit  important  conclusions  (http:// 
en.wikipedia.org/wiki/Nuclear_forensics)  about  the  origin  and  the  time  the  material  was 
produced.  For  instance,  the  age  of  plutonium  isotopes  can  be  determined  by  the  ingrowth 
of  its  daughter  products  as  shown  in  Figure  17.5.  (http://web.ornl.gov/sci/nsed/outreach/ 
presentation/2008/Moody_seminar.pdf ).  Radiations  emitted  by  the  isotopes  234U,  235U,  and 
236U  provide  information  that  yield  results  in  the  determination  of  the  composition  of  the 
original  Pu  sample. 

Applying  dating  techniques  can  enhance  the  investigation  of  the  source  of  the  material 
and  in  some  cases  help  identify  the  chemical  procedures  used  for  its  production.  A  begin¬ 
ner’s  guide  to  uranium  chronometry  in  nuclear  forensics  and  safeguards  has  been  recently 
published.54  Chronometric  discussions  in  nuclear  forensics  have  been  deliberated  with  spe¬ 
cific  examples55  while  radiological  chronometry  of  uranium  metal  samples  has  also  been 
studied.56  Some  of  the  investigations  have  included  age-dating  of  highly  enriched  uranium 
by  y-spectrometry,57  verification  of  the  239Pu  content,  isotopic  composition,  and  age  of  plu¬ 
tonium  in  Pu-Be  neutron  sources  by  gamma  spectrometry,58  and  origin  determination  of 
plutonium.59  Recently,  a  sophisticated  chronometric  method  for  determining  the  age  of 
60Co  sources  was  successfully  evaluated.60 

Statistical  methods  applied  to  gamma  ray  spectroscopy  algorithms  for  nuclear  foren¬ 
sics61  have  been  developed.  A  study  in  the  propagation  of  uncertainties  in  nuclear  forensics 
was  recently  published62  and  also  uncertainty  assessment  in  gamma  spectrometric  mea¬ 
surements  of  plutonium  isotopic  ratios  and  age63  has  also  been  evaluated. 

17.4  UNMANNED  AERIAL  VEHICLES  USED  FOR 
RADIATION  DETECTION 

As  a  result  of  the  1986  Chernobyl  accident  and  of  the  more  recent  2011  Fukushima  reactor 
accident,  the  use  of  unmanned  aerial  vehicles  (UAVs)  for  radiation  detection  has  gained 
significant  prominence.  UAVs  can  also  be  deployed  for  nuclear  surveillance  in  the  case  of 
a  successful  terrorist  attack.  The  main  advantages  of  UAVs  are  their  ability  to  fly  close  to 
the  source  of  radiation  as  well  as  to  fly  at  high  altitudes,  which  would  be  very  important 
in  characterizing  a  radioactive  plume.  Typically,  UAVs  have  GM,  Nal,  or  CZT  (see  Section 
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7.5.6)  detectors,  which  do  not  need  cooling  as  those  made  from  germanium.  The  usual  stan¬ 
dard  electronics  for  data  acquisition  and  a  GPS  system  is  usually  incorporated  onto  a  UAV. 
In  1990,  a  mobile  survey  of  environmental  gamma  radiation  and  fall-out  levels  in  Finland 
was  performed  after  the  Chernobyl  accident.61  Related  research  conducted  has  included 
radiation  surveillance  using  a  UAV,62,63  and  design  of  an  air  sampler  for  a  small  UAV.64 
UAVs  for  environmental  monitoring  are  being  developed  as  part  of  IAEA’s  action  plan  on 
nuclear  safety.65  There  are  several  companies  that  offer  UAVs  with  radiation  monitoring 
capabilities.66-68 
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PROBLEMS 

17.1  Why  is  the  identification  of  235U  or  238U  difficult  to  achieve  with  passive  gamma  ray 
spectroscopy  if  these  radionuclides  are  shielded? 

17.2  Compare  the  advantages  and  disadvantages  of  alpha  spectroscopy  versus  gamma 
ray  spectroscopy  in  determining  the  activity  of  uranium,  plutonium,  and  other 
transuranic  isotopes. 

17.3  What  are  the  advantages  and  disadvantages  of  passive  to  active  interrogation 
techniques? 

17.4  Explain  the  difference  between  gamma-gamma  coincidence  and  Compton  sup¬ 
pression,  and  for  which  type  of  fission  product  determination  would  either  method 
be  better  suited  for  analysis? 
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18.1  INTRODUCTION 

Nuclear  medicine,  the  use  of  nuclear-based  techniques  in  medicine  for  research,  diagnosis, 
and  therapy,  is  probably  the  most  important  aspect  of  the  nuclear  enterprise,  next  to  the 
use  of  fission  reactors  for  the  generation  of  electricity.  Interestingly,  whereas  there  is  oppo¬ 
sition  to  the  operation  of  nuclear  power  plants,  not  a  single  voice  has  been  raised  to  oppose 
nuclear  medicine  activities.  The  reason  is  clear:  nuclear  medicine  saves  thousands  of  lives 
every  year,  all  over  the  world. 

In  the  early  years,  the  history  of  nuclear  medicine  closely  followed  the  discovery  and 
production  of  radioactive  isotopes  dating  back  to  1934  when  artificial  radioactivity  was  first 
discovered  by  Irene  Curie  (daughter  of  Marie  Curie)  and  her  husband  Frederic  Joliot.1  They 
used  the  10B(a,n)13N  reaction  to  generate  neutrons,  which  they  used  to  produce  radioac¬ 
tive  isotopes.  A  comprehensive  review  article2  published  in  1936  outlines  the  many  discov¬ 
eries  of  artificially  induced  radioactivity  that  had  been  published  in  1934  and  1935.  This 
also  included  the  pioneering  discovery  by  Enrico  Fermi’s  work  on  the  first  interactions  of 
neutrons  with  uranium.3  Not  to  be  overshadowed  were  the  great  feats  by  Ernest  Orlando 
Lawrence4  with  his  invention  of  the  cyclotron  in  1929  and  by  John  Cockroft  and  Ernest 
Walton5  with  the  origination  of  the  accelerator  in  1932,  both  of  which  revolutionized  radio¬ 
active  isotope  production. 

In  1923,  George  Hevesy  published  his  novel  research  “The  Absorption  and 
Translocation  of  Lead  by  Plants:  A  Contribution  to  the  Application  of  the  Method  of 
Radioactive  Indicators  in  the  Investigation  of  the  Change  of  Substance  in  Plants,”6  which 
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can  be  considered  as  the  first  work  in  the  application  of  radioactivity  to  study  biologi¬ 
cal  systems.  In  1938,  Joseph  Hamilton  published  his  article  “The  Rates  of  Absorption  of 
the  Radioactive  Isotopes  of  Sodium,  Potassium,  Chlorine,  Bromine,  and  Iodine  in  Normal 
Human  Subjects,"7  which  was  one  of  the  first  comprehensive  insights  of  radioactivity  in 
the  human  body.  But  the  birth  of  nuclear  medicine  is  commonly  conceded  to  have  been 
the  year  1939  when  John  Lawrence  left  Yale  medical  school  to  work  on  the  development  of 
radiation  and  radioactivity  for  treating  diseases8  with  his  brother,  Ernest  Lawrence,  who 
was  at  the  laboratory  in  Berkeley,  California.  There  he  performed  what  is  accepted  as  the 
first  nuclear  medicine  treatment  of  a  patient  who  had  leukemia,  using  32P.  Then,  Hamilton 
and  Soley9  in  1940  published  their  work  “Studies  in  Iodine  Metabolism  of  the  Thyroid 
Gland  In  Situ  by  the  Use  of  Radio-Iodine  in  Normal  Subjects  and  in  Patients  with  Various 
Types  of  Goiter.” 

Consistent  with  policies  related  to  any  use  of  nuclear  materials,  protection  of  peo¬ 
ple  (patients,  personnel,  public)  is  of  paramount  concern  in  nuclear  medicine  activities. 
Health  physics  is  the  scientific  area  responsible  for  the  protection  of  people  from  the 
hazards  of  ionizing  radiation  (see  Chapter  16  and  also  the  American  Board  of  Health 
Physics  website10).  In  a  hospital  setting,  responsibilities  of  the  health  physicist  (another 
term  used  is  medical  physicist;  see  below  discussion  on  medical  physics)  include  control 
of  radiological  hazards;  monitoring  occupational  radiation  doses  received  by  patients 
and  employees;  keeping  track  of  radiological  sources  and  radiation-producing  machines; 
properly  storing  and/or  disposing  of  obsolete  radiation  sources;  performing  various 
audits  of  equipment,  clinical  areas,  and  laboratories;  obtaining  the  required  licenses 
equipment  commissioning  and  decommissioning;  and  interfacing  with  regulatory 
agencies. 

Related  to  health  physics  is  the  field  of  medical  physics.  Medical  physics  is  an  applied 
branch  of  physics  concerned  with  the  application  of  the  concepts  and  methods  of  physics  to 
the  diagnosis  and  treatment  of  human  disease,  utilizing  ionizing  radiation.  It  is  allied  with 
medical  electronics,  bioengineering,  and  health  physics  as  pronounced  by  the  American 
Association  of  Physicists  in  Medicine.11  In  a  clinical  setting,  the  medical  physicist  serves  as 
a  consultant  to  the  physician  regarding  therapeutic  and  diagnostic  use  of  ionizing  radiation, 
and  research  and  teaching  are  often  part  of  the  job  responsibilities,  in  addition  to  clinical 
duties. 

The  medical  physicist  is  also  in  charge  of  purchasing,  acceptance,  calibration,  quality 
control,  and  safety  of  therapeutic  and  imaging  equipment,  as  well  as  some  portion  (or  all) 
of  the  radiation  safety  program. 

The  advent  of  instrumentation  and  radiochemistry  methodologies  that  could  be  effec¬ 
tively  used  to  deliver  and  detect  radiation  inside  the  human  body  provided  a  foundation 
that  deepened  the  research  in  nuclear  medicine.  Research  areas  included  the  production 
of  new  isotopes  using  accelerators  or  by  extraction  from  fission  products,  delivery  of  the 
isotopes  attached  to  various  organic  molecules,  and  the  development  of  sophisticated  algo¬ 
rithms  that  helped  produce  clear  radiation  images  and  the  instruments  needed  for  relevant 
measurements.  Hal  Anger  in  195812  transformed  the  detection  of  radiation  in  nuclear  med¬ 
icine  by  inventing  the  scintillation  camera.  The  single-photon  emission  computed  tomogra¬ 
phy  (SPECT)  and  positron  emission  tomography  (PET),  the  mainstays  of  nuclear  medicine 
today,  are  based  on  the  scintillation  camera  often  referred  to  as  the  Anger  camera.13  Figure 
18.1  depicts  a  simplistic  view  of  this  device  showing  collimators,  scintillation  detector,  pho¬ 
tomultiplier  tubes,  and  electronics. 
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18.2  AREAS  OF  NUCLEAR  MEDICINE 

As  in  any  interdisciplinary  area  in  science  and  engineering, 
nuclear  medicine  encompasses  a  varied  composition  of  tech¬ 
nical  expertise  to  fulfill  the  requirements  for  medical  diagno¬ 
ses  and  therapies.  The  International  Atomic  Energy  Agency 
published  a  document  titled  the  Nuclear  Medicine  Resources 
Manual, 14  which  outlined  in  detail  the  specific  needs  to  imple¬ 
ment  nuclear  medicine  in  a  safe  manner.  We  give  below  a 
modified  list  of  nuclear  medical  areas  and  practices  taken, 
mostly,  from  that  report: 

1.  Human  resource  development:  training  of  medical 
doctors,  nurses,  and  nuclear  medicine  technologists 
in  radiopharmacy,  medical  physics,  nuclear  instru¬ 
mentation,  radiation  safety  and  radiation  protection, 
molecular  biology  using  radionuclide  methods,  and 
radioimmunoassay 

2.  Nuclear  medicine  services:  introduction  and  catego¬ 
rization;  in  vivo  diagnostic  procedures;  in  vitro  and 
radioimmunoassay  laboratories;  radiopharmacies; 
diagnosis  using  ionizing  radiation;  and  therapy  using  ionizing  radiation 

3.  General  imaging  areas:  nuclear  cardiology,  central  nervous  system,  nephrology  and 
urology,  respiratory  system,  liver  and  gastrointestinal  system,  nuclear  medicine 
imaging  studies  in  endocrinology,  musculoskeletal  system,  special  procedures  in 
oncology,  hematology,  and  inflammation  and  infection  of  various  organs 

4.  Radionuclide  therapy:  safety  principles;  dosimetry  and  mathematical  models  in 
radiopharmaceutical  therapy;  radioiodine  therapy  for  thyrotoxicosis;  131I  therapy 
in  thyroid  cancer;  palliative  treatment  of  metastatic  bone  pain;  131I  meta  iodoben- 
zylguanidine  therapy;  32P  therapy  in  polycythemia  rubra  vera;  radio  synovectomy; 
131I  lipiodol;  intracoronary  radionuclide  therapy  using  the  188Re  DTPA  (diethylene 
triamine  pentaacetic  acid)  balloon  system;  radiopeptide  therapy  for  cancer;  and 
radioimmunotherapy 

5.  Quality  assurance  and  quality  control  protocols  for  radio  pharmaceuticals:  require¬ 
ments  for  documentation;  control  of  starting  materials;  radionuclidic  activity;  radio- 
nuclidic  purity;  radiochemical  purity;  chemical  purity;  control  of  pH;  sterility  and 
apyrogenicity;  ongoing  evaluation  of  product  performance;  and  radioimmunoassay 
protocols 

6.  Radiation  safety  practices  in  nuclear  medicine:  radiation  safety  aspects  of  radio¬ 
pharmaceutical  preparation;  safety  precautions;  administration  of  radionuclides 
to  women  of  child-bearing  age  or  pregnant  patients;  treatment  of  breast-feeding 
patients;  typical  radiation  doses  from  diagnostic  studies  and  therapy;  monitoring  and 
records  keeping;  radiation  safety  infrastructure;  and  disposal  of  radioactive  waste 

7.  Nuclear  medicine  research:  in  vitro  research  using  radioisotopes;  molecular 
methods— use  of  radionuclides  in  molecular  biology;  development  of  new  tech¬ 
niques  for  more  effective  use  of  ionizing  radiation;  and  novel  ways  to  produce 
medical  isotopes 


FIGURE  18.1  Typical  setup  of  a  scintillation  gamma 
camera  where  the  heart  represents  the  human  organ 
being  imaged. 
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Since  the  subject  matter  on  nuclear  medicine  covers  a  very  large  area,  the  informa¬ 
tion  that  follows  will  primarily  focus  on  the  detection  systems  and,  almost  exclusively,  on 
gamma  rays  used  in  the  diagnosis  of  diseases.  Topics  such  as  imaging  enhancement,  admin¬ 
istration  of  various  radiopharmaceuticals,  and  therapies  will  not  be  discussed.  References 
to  such  information  are  given  in  the  bibliography  section. 


18.3  IMAGING  TECHNOLOGIES 


FIGURE  18.2  Picture  of 
a  CT  scout  (scanogram  or 
topogram)  as  used  for  plan¬ 
ning  every  scan  slice. 


18.3.1  Computed  Tomography  (CT) 

The  word  "tomography”  originates  from  the  two  Greek  words  “tomos”  meaning  “slice”  or 
“section”  and  “graphe”  meaning  “writing”  or  "drawing.”  Computed  tomography,  more  com¬ 
monly  known  as  CT,  was  first  introduced  in  the  1970s  to  produce  tomographic  x-ray  images 
(“virtual  slices”).  CT  is  a  technology  that  creates  a  three-dimensional  (3D)  image  of  the 
human  body  from  a  series  of  two-dimensional  (2D)  x-ray  images  using  digital  processing; 
a  typical  CT  product  is  shown  in  Figure  18.2.  To  produce  an  image  such  as  that  shown  in 
Figure  18.2,  a  source  of  conventional  x-rays  rotates  around  the  patient  with  the  detectors 
also  placed  around  to  record  multiple  images.  CT  scans  allow  the  doctor  to  see  the  inside 
of  the  body  without  cutting  it  open,  thus  avoiding  an  invasive  procedure  (surgery).  While 
CT  images  are  clearer  than  conventional  x-rays,  the  doses  to  the  patient  are  usually  signifi¬ 
cantly  higher. 

18.3.2  Single-Photon  Emission  Computed  Tomography  (SPECT) 

SPECT  is  primarily  used  to  evaluate  blood  flows  in  tissues  and  organs  by  incorporating 
radioactive  material  rather  than  using  x-rays  as  in  CT.  Once  a  radiolabeled  chemical  is 
administered  into  the  body,  a  detector  records  the  gamma  ray  emissions  from  the  tissue  or 
organ.  The  information  collected  in  this  manner  forms  the  basis  for  a  2D  cross  section  of 
the  organ  or  tissue  and  is  then  integrated  by  a  computer  algorithm  to  form  a  3D  image.  The 
isotope  chosen  is  attached  to  a  specific  organic  molecule  that  can  be  chemically  targeted 
to  attach  itself  to  the  organ  or  tissue  under  investigation.  The  combination  of  isotope  and 
chemical  compound  is  referred  to  as  a  “radiopharmaceutical.” 


18.3.3  Positron  Emission  Tomography  (PET) 

PET  utilizes  isotopes  that  emit  positrons  that  annihilate  to  produce  two  511-keV  gamma 
rays  emitted  in  back-to-back  opposite  direction  (180°  apart;  see  Section  4.8.3).  By  setting 
up  a  coincidence  measurement  between  the  two  511-keV  photons,  using  an  array  of  photo¬ 
multipliers  or  avalanche  photodiodes  (AVD),  a  map  of  the  position  of  emitting  gamma  rays 
can  be  reconstructed  in  a  3D  image.  A  typical  PET  system  is  shown  in  Figure  18.3.  Often, 
PET  and  CT  systems  are  combined. 


18.4  DOSE  CALIBRATOR 

The  production  of  radiopharmaceuticals  requires  stringent  quality  control  practices,  which 
includes  determining  the  purity  of  the  radionuclide.  This  is  especially  true  for  isotopes  that 
are  produced  by  the  uranium  fission  process  in  which  there  are  a  host  of  other  radionu¬ 
clides  simultaneously  produced.  To  ensure  the  correctness  of  a  procedure,  both  the  purity 
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Annihilation 


Image  reconstruction 


FIGURE  18.3  Overview  of  a  typical  PET  system. 


and  activity  of  radiopharmaceuticals  are  needed.  Before  administering  the  nuclear  medi¬ 
cine  to  the  patient,  information  on  the  expected  dose  is  needed  to  ensure  that  the  appropri¬ 
ate  amount  of  radioactivity  is  administered.  A  dose  calibrator  is  a  very  common  detector 
used  in  nuclear  medicine.  It  is  typically  an  ionization  chamber  that  is  calibrated  for  activity 
measurement  from  0.37  MBq  (10  jlCi)  to  0.37-0.74  GBq  (1-2  Ci).  Another  example  is  a 
Nal  crystal  that  is  used  as  a  thyroid  uptake  probe.  This  device  is  placed  near  the  thyroid  to 
monitor  the  uptake  of  radioactive  131I  or  123I  for  either  diagnosis  or  therapy.  A  typical  dose 
calibrator  for  99mTc  is  seen  in  Figure  18.4. 

A  detailed  comparison  of  the  activity  measurements  in  nuclear  medicine  services  in 
the  Brazilian  northeast  region15  has  been  carried  out.  The  IAEA16  has  published  an  over¬ 
view  of  the  accuracy  of  activities  regarding  the  administration  of  radiopharmaceuticals, 
based  on  national  and  international  standards  of  radioactivity. 

18.5  NOVEL  RADIATION  DETECTION  SYSTEMS 
IN  NUCLEAR  MEDICINE 


FIGURE  18.4  Dose 
calibrator  equipment  for 
monitoring 99  mTc  adminis¬ 
tration.  (Courtesy  of  Biodex, 
www.biodex.com.  With 
permission.) 


Radiation  measurements  and  detection  systems  in  nuclear  medicine  cover  a  wide  spec¬ 
trum.  A  good  review  of  these  detectors  appeared  in  1999. 17 

Ideally,  radiopharmaceuticals  used  in  imaging  should  be  single-photon-emitting  or 
positron-emitting  radionuclides.  Nuclear  imaging  methods  can  be  acquired  in  two  distinct 
ways.  The  first  way  is  to  administer  a  radiopharmaceutical  to  a  specific  organ  or  area  of 
the  body  and  then  take  pictures  with  a  detector  sensitive  to  the  specific  radiation  used. 
Such  pictures  include  SPECT  images.  Typically,  Nal  detectors  are  used;  however,  attempts 
have  been  made  to  replace  these  scintillators  with  semiconductor  detectors,  such  as  CdTe 
or  CdZnTe18  (see  Section  7.5.6),  with  better  spectrometric  characteristics  (better  energy 
resolution)  to  improve  contrast  and  quantitative  measurements.  Transmission  images  are 
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produced  by  placing  the  subject  in  front  of  a  radiation  source  and  detecting  the  trans¬ 
mission  radiation  with  a  digital  camera.  Information  about  the  distribution  of  radiation¬ 
attenuating  or  radiation-absorbing  matter  in  the  subject  is  thus  collected.  A  typical  x-ray 
examination  would  fall  under  this  category.  In  the  case  of  SPECT,  an  array  of  detectors  is 
used  so  that  a  series  of  pictures  may  be  reconstructed  with  sophisticated  algorithms  to  give 
a  3D  tomographic  image. 

Further  research  includes  detector  technology  challenges  for  nuclear  medicine  and 
PET,19  applications  of  semiconductor  detectors  to  nuclear  medicine,20  suitability  of  nuclear 
medicine  gamma  cameras  as  gamma  spectrometers  in  the  event  of  a  radiological  emer¬ 
gency,21  a  nuclear  medicine  gamma  ray  detector  based  on  germanium  strip  detector  tech¬ 
nology22  (an  array  or  strip  of  detectors  for  imaging  purposes),  detector  design  issues  for 
compact  nuclear  emission  cameras  dedicated  to  breast  imaging,23  photodetectors  (a  detec¬ 
tion  system  using  one  or  more  photomultipliers  and  scintillators)  for  nuclear  medical  imag¬ 
ing,24  and  lanthanum  scintillation  crystals  for  gamma  ray  imaging.25 

More  recently,  several  advanced  technologies  have  been  developed  for  nuclear  medi¬ 
cine  applications.  These  topics  include  the  application  of  particle  detectors  in  nuclear  medi¬ 
cine,  described  in  Reference  26,  the  development  of  a  silicon  photomultiplier-based  PET 
imaging  system  for  small  animals,27  the  design  and  fabrication  of  endoscope-type  Compton 
camera,28  the  design  and  development  of  a  high-resolution  animal  SPECT  scanner  dedi¬ 
cated  for  rat  and  mouse  imaging,29  and  a  novel  gamma  ray  detector  with  submillimeter 
resolutions  using  a  monolithic  multipixel  photon  counter  (MPPC)  array  with  pixelized 
Ce:LYSO  (cerium-doped  lutetium  yttrium  silicate  oxygen)  and  Ce:GGAG  crystals  (cerium- 
doped  gadolinium  gallium  aluminum).30  Prekeges31  has  given  an  excellent  synopsis  of  the 
factors  relating  to  radiation  measurement  in  nuclear  medicine.  These  topics,  which  have 
been  explicitly  covered  in  the  previous  chapters  of  this  book,  include 

1.  Sources  of  background  radiation 

2.  Nuclear  counting  statistics 

3.  Detector  dead  time 

4.  Energy  spectra  for  gamma  radiation  interactions,  including  x-rays,  escape  peaks, 
and  pulse  pile-up 

5.  Detector  efficiency  and  geometry 

18.6  PRODUCTION  OF  RADIOISOTOPES  BY 

ACCELERATORS  OR  NUCLEAR  REACTORS 

There  is  a  long  list  of  radioisotopes  specifically  used  in  nuclear  medicine  for  imaging, 
therapy,  tracer,  and  labeling  studies,  for  metabolic  research  and  sterilization  of  medical 
equipment.32  Among  the  isotopes  used  in  imaging  are  99mTc  (multiple  organs),  UC  (PET), 
13N  (PET),  lsO  (PET),  124I  (PET),  18F  (PET),  67Ga  (abdominal),  64Cu  (PET,  SPECT),  127133Xe 
(lung,  liver,  brain),  and  201T1  (SPECT,  cardiac).  Two  commonly  used  radioisotopes,  99Mo 
and  67Cu,  are  produced  by  the  photonuclear  reactions  100Mo(y,n)"Mo  and  68Zn(y,p)67Cu  (see 
Reference  33).  The  excitation  functions  of  100Mo(p,d+pn)"Mo  and  100Mo  (p,2n)99mTc  reac¬ 
tions  for  the  estimation  of  long-lived  "Tc  impurity  and  its  implication  on  the  specific  activ¬ 
ity  of  cyclotron-produced  99mTc  have  also  been  studied.34 

A  very  detailed  and  comprehensive  list  of  production  and  uses  of  medical  isotopes 
is  provided  by  the  United  States  Department  of  Energy’s  National  Isotope  Development 
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Center  (NIDC)35  and  Isotope  Development  &  Production  for  Research  and  Applications 
(IDPRA).36 

Quality  assurance  in  the  production  of  nuclear  medicine  is  of  paramount  importance 
to  the  patient  receiving  the  isotope.  In  1958, 37  Campion  introduced  the  standardization  of 
radioisotopes  by  the  beta-gamma  coincidence  method  using  high-efficiency  detectors.  To 
assess  the  current  accuracy  of  clinical  measurements  of  the  activity  of  99mTc,  a  comparison 
has  been  conducted  between  measurements  performed  at  the  National  Physical  Laboratory 
and  in  hospitals,  all  located  within  the  United  Kingdom.38  A  comparison  of  89Sr  solution 
sources  in  U.K.  hospitals  was  studied39  and  a  comparison  of  90Y  and  177Lu  measurement 
capability  in  U.K.  and  European  hospitals40  was  also  investigated.  The  absolute  standard¬ 
ization  of  an  18F  solution  by  the  47t(3-y  coincidence  method  and  the  control  of  gamma  ray 
impurity  content  and  measurement  of  the  activity  by  gamma  ray  spectrometry  of  18F  was 
undertaken.41  Quantitative  online  isolation  of  68Ge  from  68Ge/68Ga  generator  eluants  for 
purification  and  immediate  quality  control  was  undertaken  42  Besides  the  production  of 
radiopharmaceuticals,  quality  control  of  the  final  product  is  also  needed  for  human  usage. 
In  all  these  quality  control  procedures,  the  techniques  of  (3  and  y-ray  spectrometry  as  out¬ 
lined  in  the  previous  chapters  are  employed. 

18.7  COMMERCIALLY  AVAILABLE  NUCLEAR  MEDICINE 
IMAGING  SYSTEMS 

There  are  many  companies  that  manufacture  and  sell  high-quality  nuclear  medicine  imaging 
systems.  Prekeges43  describes  several  breast  imaging  devices  for  nuclear  medicine.  Reference 
44  presents  information  about  imaging  in  tuberculosis  using  commercially  available  radio¬ 
pharmaceuticals.  Technical  advances  in  PET  and  hybrid  imaging  systems  have  been  described 
by  Lee45  and  advances  in  SPECT  imaging  have  been  elaborated  upon  by  Madsen.46  To  name 
a  few,  companies  such  as  Varian  (www.varian.com),  Royal  Philips  Electronics  (www.philips. 
com),  Mediso  Imaging  Systems  (http://www.mediso.com/),  Siemens  (http://usa.healthcare. 
siemens.com),  and  General  Electric  (http://www3.gehealthcare.com)  manufacture  and  sell 
nuclear  medicine  equipment;  a  wealth  of  information  about  their  equipment,  with  detailed 
technical  explanations  about  the  equipment  functions  and  the  images  they  produce,  can  be 
found  in  their  websites. 


www.Ebook777.com 


542  Measurement  and  Detection  of  Radiation 


PROBLEMS 

18.1  Currently,  there  are  many  semiconductor  detectors  that  operate  at  room  tempera¬ 
ture,  which  are  used  in  nuclear  medicine.  Commonly  known  detectors  of  this  type 
include  CdTe  (cadmium  telluride),  CZT  (cadmium,  zinc,  and  telluride),  and  Hgl2 
(mercuric  iodide).  More  recently,  LaBr  (lanthanum  bromide)  and  LaCl3(Ce)  (lan¬ 
thanum  chloride)  have  appeared  on  the  market.  Give  a  detailed  list  of  the  advan¬ 
tages  and  disadvantages  of  these  detectors  in  nuclear  medicine  instrumentation. 

18.2  Explain  with  diagrams  the  radiation  detection  procedures  in  SPECT  and  PET 
imaging. 

18.3  99mTc  is  the  most  popular  imaging  isotope  in  the  world  used  in  nuclear  medi¬ 
cine.  Traditionally,  it  has  been  produced  by  the  fission  product  of  "Mo  in  high- 
flux  reactors  to  produce  99mTc  through  the  following  reactions:  235U(n,f)"Mo 
(tm  =  66  h)  — >  99mTc  (f1/2  =  6.6  h).  However,  in  the  past  several  years,  there  have 
been  efforts  to  commercialize  the  production  of  99mTc  by  direct  production  of  "Mo 
using  accelerators  and  cyclotrons.  Write  down  the  various  reactions  that  have  been 
proposed  to  produce  "Mo  and  compare  the  advantages  and  disadvantages  of  each 
technique:  fission  product  production  versus  accelerator/cyclotron  production. 
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Appendix  A:  Useful  Constants 
and  Conversion  Factors 


TABLE  A.1 

Useful  Constants 

Constant 

Symbol  or  Definition 

Value 

Avogadro's  number 

NA 

0.6022045  xIO24  at/mol 

Elementary  charge 

e 

1. 6021 91 7  x  10-19C  =  4.803250  x  10~10esu 

Atomic  mass  unit 

u 

1 .66040  x  1 0-27  kg  =  93 1 .48 1  MeV 

Atomic  mass  unit 

—  of  mass  'lC 

12 

Electron  rest  mass 

m 

9.109558  x  10-3'  kg  =  0.51 1  MeV 

Proton  rest  mass 

Mp 

1 .672622  x  1 0'27  kg  =  938.258  MeV 

Neutron  rest  mass 

M„ 

1 .674928  x  1 0-27  kg  =  939.552  MeV 

Planck  constant 

h 

6.626196  x  1 0-34  J  -  s 

Boltzmann  constant 

k 

1.380622  x  1 0-23  J/K 

Standard  atmosphere 

101,325  Pa  =  14.696  lb/in.2 

Fine-structure  constant 

a  =  e2/(h  ■  c) 

1/137.14 

Classical  electron  radius 

R0  =  e2/(m  ■  c2) 

2.818042x1 0'15  m 

Bohr  radius 

fi2/(m  ■  e2) 

0.529177  x  10~'°  m 

Compton  wavelength 

h/(m  ■  c) 

2.424631  x  10-'2  m 

545 
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TABLE  A.2 

Conversion  Table 

To  Convert 

Multiply  by 

To  Obtain  (Symbol) 

MeV 

1.602  x  10-1 3 

Joules  (J) 

Pounds  (lb) 

0.4536 

Kilograms  (kg) 

Inches 

2.54  x  10-2 

Meters  (m) 

lb/in2 

6.8946  x  103 

Pascal (Pa) 

BTU/h 

0.29307 

Watts  (W) 

Pounds  force 

4.4482 

Newtons  (N) 

Flux  [particles/(cm2  ■  s)] 

104 

Flux  (particles/m2 -s) 

Density  (g/cm3) 

103 

Density  (kg/m3) 

p  (cm2/g) 

io-1 

p  (m2/kg) 

p  (cm-1) 

100 

p  (m-1) 

E  (cm-1) 

100 

E  (m-1) 

Range  (g/cm2) 

10 

Range  (kg/m2) 

Curie 

3.7  x  1010 

Becquerels  (Bq) 

Rad 

io-2 

Grays  (Gy) 

Rem 

io-2 

Sieverts  (Sv) 

TABLE  A.3 

Prefix  and  SI  Symbols  of  Multiplication 
Factors 

10,2tera  (T) 

10-6  micro  (p) 

1 09  giga  (G) 

10~9  nano  (n) 

1 06  mega  (M) 

IO'12  pico  (p) 

103  kilo  (k) 

10-,5femto  (f) 

10-3  milli  (m) 

10-,8atto  (a) 
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TABLE  B.1 

Atomic  Masses  and  Other  Properties  of  Isotopes3 

Isotopic 

Natural 

Density  of  Element 

oa(b)  for  (n,  y) 

Name 

Symbol 

z 

A 

Mass  (u)b 

Abundance  (%) 

(in  103  kg/m3) 

(0.0253-eV  Neutrons) 

Aluminum 

Al 

13 

27 

26.98153 

100 

2.7C 

0.235 

Antimony 

Sb 

51 

121 

120.9038 

57.25 

6.62 

5.9 

123 

122.9041 

42.75 

4.1 

Argon 

Ar 

18 

36 

35.96755 

0.337 

Gas 

6.0 

38 

37.96272 

0.063 

0.8 

40 

39.96238 

99.60 

0.61 

Arsenic 

As 

33 

75 

74.9216 

100 

5.73 

4.5 

Beryllium 

Be 

4 

9 

9.01218 

100 

1.85 

0.0095 

Bismuth 

Bi 

83 

209 

208.9804 

100 

9.8 

0.034 

Boron 

B 

5 

10 

10.01294 

19.78 

2.3 

3837 

11 

11.00931 

80.22 

0.04 

Cadmium 

Cd 

48 

106 

105.9070 

1.22 

8.65 

2450 

108 

107.9040 

0.88 

2.0 

110 

109.9039 

12.39 

0.1 

111 

110.9042 

12.75 

— 

112 

1 1 1 .9028 

24.07 

0.03 

113 

112.9046 

12.26 

20,000 

114 

1 1 3.9036 

28.86 

0.14 

116 

115.9050 

7.58 

1.4 

Carbon 

C 

6 

12 

12.0000 

98.89 

1.60 

0.0034 

13 

13.00335 

1.11 

0.0009 

Cesium 

Cs 

55 

133 

132.9051 

100 

1.9 

29.0 

Cobalt 

Co 

27 

59 

59.93344 

100 

8.8 

37.2 

Copper 

Cu 

29 

63 

62.9298 

60.09 

8.96 

4.5 

65 

64.9278 

30.91 

2.2 

Gadolinium 

Gd 

64 

152 

151.9195 

0.20 

7.95 

735 

154 

153.9207 

2.15 

100.0 

(Continued) 
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TABLE  B.1  ( Continued ) 

Atomic  Masses  and  Other  Properties  of  Isotopes3 

Isotopic 

Natural 

Density  of  Element 

oa(b)  for  (n,  y) 

Name 

Symbol 

z 

A 

Mass  (u)b 

Abundance  (%) 

(in  103  kg/m3) 

(0.0253-eV  Neutrons) 

Gadolinium 

155 

154.9226 

14.73 

61,000 

156 

155.9221 

20.47 

11.5 

157 

156.9339 

15.68 

254,000 

158 

157.9241 

24.87 

3.5 

Germanium 

Ge 

32 

70 

69.9243 

20.52 

5.36 

3.68 

72 

71.9217 

27.43 

0.98 

73 

72.9234 

7.76 

14.0 

74 

73.9212 

36.54 

0.45 

76 

75.9214 

7.76 

0.2 

Gold 

Au 

79 

197 

1 96.9666 

100 

19.32 

98.8 

Helium 

He 

2 

3 

3.01603 

0.00013 

Gas 

5327 

4 

4.00260 

99.99987 

— 

Hydrogen 

H 

1 

1 

1 .007825 

99.985 

Gas 

0.332 

2 

2.01410 

0.015 

0.0005 

Indium 

In 

49 

113 

112.9043 

4.28 

7.31 

11.1 

115 

114.9041 

95.72 

193.2 

Iodine 

1 

53 

127 

1 26.9044 

100 

4.93 

6.2 

Iron 

Fe 

26 

54 

53.9396 

5.82 

7.87 

2.3 

56 

55.9349 

91.66 

2.7 

57 

56.9354 

2.19 

2.5 

58 

57.9333 

0.33 

1.2 

Lead 

Pb 

82 

204 

203.9730 

1.48 

11.34 

0.17 

206 

205.9745 

23.6 

0.0305 

207 

206.9759 

22.6 

0.709 

208 

207.9766 

52.3 

<0.03 

Lithium 

Li 

3 

6 

6.01512 

7.42 

0.53 

245  (n,  a) 

7 

7.01600 

92.58 

0.037 

Mercury 

Hg 

80 

196 

1 95.9650 

0.146 

13.55 

3100.0 

198 

1 97.9668 

10.02 

0.018 

199 

1 98.9683 

16.84 

2500.0 

200 

1 99.9683 

23.13 

50.0 

201 

200.9703 

13.22 

50.0 

202 

201 .9706 

29.80 

4.5 

204 

203.9735 

6.85 

0.4 

Nickel 

Ni 

28 

58 

57.9353 

67.88 

8.90 

4.4 

60 

59.9308 

26.23 

2.6 

61 

60.9310 

1.19 

2.0 

62 

61 .9283 

3.66 

14.2 

64 

63.9280 

1.08 

1.5 

Nitrogen 

N 

7 

14 

14.00307 

99.63 

Gas 

1.81 

15 

15.00011 

0.37 

0.00004 

Oxygen 

0 

8 

16 

15.99491 

99.759 

Gas 

0.000178 

17 

16.99914 

0.037 

0.04 

18 

17.99915 

0.204 

0.00016 

Phosphorus 

P 

15 

31 

30.97376 

100 

1.82 

0.19 

( Continued) 
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TABLE  B.1  ( Continued ) 

Atomic  Masses  and  Other  Properties  of  Isotopes3 


Name 

Symbol 

z 

A 

Isotopic 
Mass  (u)b 

Natural 

Abundance  (%) 

Density  of  Element 
(in  103  kg/m3) 

oa(b)  for  (n,  y) 
(0.0253-eV  Neutrons) 

Platinum 

Pt 

78 

190 

1 89.9600 

0.0127 

21.45 

150 

192 

191.9614 

0.78 

8.0 

194 

193.9628 

32.19 

1.2 

195 

1 94.9648 

33.8 

27.0 

196 

195.9650 

25.3 

1.0 

198 

1 97.9675 

7.21 

4.0 

Rhodium 

Rh 

45 

103 

1 02.9048 

100 

12.41 

150 

Silicon 

Si 

14 

28 

27.97693 

92.21 

2.33 

0.080 

29 

28.97649 

4.70 

0.28 

30 

29.97376 

3.09 

0.40 

Silver 

Ag 

47 

107 

106.9041 

51.82 

10.49 

37.0 

109 

1 08.9047 

45.18 

92.0 

Sodium 

Na 

11 

23 

22.98977 

100 

0.97 

0.534 

Uranium 

U 

92 

234 

234.0409 

0.0057 

19.1 

95 

235 

235.0439 

0.711 

678 

238 

238.0508 

99.284 

2.73 

a  A  complete  list  of  isotope  properties,  for  any  isotope,  can  be  retrieved  from  several  websites  such  as  http://periodic.lanl.gov/default.htm;  http:// 
www.lenntech.com/periodic/elements/pb.htm; http://www.chemicool.com/;  http://www.nndc.bnl.gov/;  http://atom.kaeri.re.kr/ton/. 
b  Isotopic  masses  from  Nuclear  Heat  Transfer  by  M.  M.  El-Wakil,  International  Textbook  Co.,  NY  (1971). 
c  Same  number  gives  density  in  g/cm3  or  103  kg/m3. 
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Appendix  C:  Alpha,  Beta,  and 
Gamma  Sources  Commonly  Used 


TABLE  C.1 

Alpha  Sources 

Isotope 

Half-Life 

Alpha  Energy  (MeV) 

Relative  Intensity9  (%) 

2,°Po 

1 38.38  days 

5.304 

100 

234|j 

2.446  x  10s  years 

4.774 

72 

4.723 

28 

233U 

1.59  x  105  years 

4.824 

84.3 

4.783 

13.2 

235  U 

7.038  x  10s  years 

4.397 

57 

4.367 

18 

238|j 

4.468  x  109  years 

4.196 

77 

4.149 

23 

238pu 

87.7  years 

5.499 

70.9 

5.546 

29.0 

239Pu 

2.413  x  104  years 

5.155 

73.3 

5.143 

15.1 

5.105 

11.5 

241  Am 

432.02  years 

5.486 

86 

5.443 

12.7 

^Cf 

2.646  years 

6.118 

81.6 

6.076 

15.2 

237Np 

2.14  x  106  years 

4.788 

47.6 

4471 

23.2 

244Cm 

18.1  years 

5.805 

76.9 

5.762 

23.1 

a  Only  intensities  greater  than  1 0%  are  listed. 
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TABLE  C.2 

Electron  and  Beta  Sources 

Isotope 

Half-Life 

Type  of  Particle 

Energy  (MeV) 

3H 

1 2.33  years 

P- 

0.0186 

14C 

5730  years 

P- 

0.1565 

32R 

14.28  days 

P- 

1.7104 

35S 

87.4  days 

P- 

0.1675 

36CI 

3.0  x  10s  years 

P- 

0.7095 

89Sr 

50.55  days 

P- 

1.463 

9oy 

64  h 

P- 

2.282 

"Tc 

2.14  x  105  years 

P- 

0.292 

63Ni 

1 00  years 

P- 

0.0659 

,l3Sn 

1 15.1  days 

1C  electron 

Ek  =  0.3625 

El  =  0.3875 

137Csa 

30.17  years 

1C  electron 

Ek  =  0.626 

El  =  0.656 

207Bi 

a  ,37Cs  is  also  a  emitter. 

38  years 

1C  electron 

Ek  =  0.4816, 0.5558 

El  =  0.9754, 1 .0496 

4,=  1-060 

TABLE  C.3 

Commonly  Used  Gamma  Rays  for  Energy  Calibration 

Source 

Energy  (keV) 

Source 

Energy  (keV) 

241  Am 

59.536  ±0.001 

192lr 

468.060  ±0.0 10 

,09Cd 

88.034  ±  0.01 0 

Annihilation 

51 1.003  ±0.002 

,82Ta 

100.106  ±0.001 

207Bi 

569.690  ±  0.030 

57Co 

1 22.046  ±  0.020 

208T| 

583.1 39  ±0.023 

,44Ce 

1 33.503  ±  0.020 

192lr 

604.378  ±  0.020 

57Co 

1 36.465  ±  0.020 

192|r 

61 2.430  ±0.020 

141  Ce 

145.442  ±0.010 

,37Cs 

661 .61 5  ±0.030 

,82Ta 

1 52.435  ±  0.004 

54Mn 

834.840  ±  0.050 

,39Ce 

165.852  ±0.010 

88y 

898.023  ±  0.065 

,82Ta 

1 79.393  ±  0.000 

207Bi 

1063.655  ±0.040 

,82Ta 

222.1 10  ±0.000 

“Co 

1173.231  ±0.030 

2,2Pb 

238.624  ±  0.008 

22Na 

1274.550  ±0.040 

203Hg 

279.1 79  ±0.010 

“Co 

1332.508  ±0.01 5 

,92lr 

295.938  ±0.010 

140  La 

1 596.200  ±  0.040 

,92lr 

308.440  ±0.010 

,24Sb 

1691.022  ±0.040 

,92lr 

3 16.490  ±0.0 10 

88y 

1836.127  ±0.050 

131| 

364.491  ±0.015 

208J| 

261 4.708  ±0.050 

,98Au 

41 1 .792  ±  0.008 

24Na 

2754.142  ±0.060 

Source:  Knoll,  G.  F,  Radiation  Detection  and  Measurement,  4th  ed.,  2008. 
Copyright  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA.  Reproduced  with 
permission. 
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TABLE  C.4 

Multiple  Gamma  Rays  Emitted  in  the  Decay  of 
152Eu  for  Efficiency  Calibration 

Energy  (keV) 

Relative  Intensity 

121.8 

141  ±4 

244.7 

36.6  ±  1.1 

344.3 

1 27.2  ±  1 .3 

367.8 

4.1 9  ±0.04 

411.1 

10.71  ±0.11 

444.0 

15  ±  0.15 

488.7 

1 .984  ±  0.023 

586.3 

2.24  ±  0.05 

678.6 

2.296  ±  0.028 

688.7 

4.1 2  ±0.04 

788.9 

6.6  ±  0.6 

867.4 

20.54  ±0.21 

964.0 

70.4  ±  0.7 

1005.1 

3.57  ±  0.07 

1085.8 

48.7  ±  0.5 

1 089.7 

8.26  ±  0.09 

1112.1 

65  ±  0.7 

1212.9 

6.67  ±  0.07 

1299.1 

7.76  ±  0.08 

1408.0 

1 00  ±  1 

1457.6 

2.52  ±  0.09 

Source: 

Knoll,  G.  F.,  Radiation  Detection  and  Measurement,  4th 
ed.,  2008.  Copyright  Wiley-VCH  Verlag  GmbH  &  Co. 
KGaA.  Reproduced  with  permission. 

TABLE  C.5 

Gamma  Rays  Emitted  by  226Ra  in  Equilibrium  with  Its 
Daughters  for  Efficiency  Calibration 

Isotope 

Gamma-Ray  Energy  (keV) 

Relative  Intensity 

226Ra 

186.211  ±0.010 

9.00  ±0.10 

2,4Pb 

241.981  ±0.008 

16.06  ±0.19 

2,4Pb 

295.21 3  ±0.008 

42.01  ±  0.53 

214Pb 

351.921  ±0.008 

80.42  ±  0.81 

2,4Bi 

609.312  ±0.007 

100.00  ±0.92 

2HBi 

768.356  ±0.010 

10.90  ±0.15 

214Bi 

934.061  ±0.012 

6.93  ±0.10 

214Bi 

11 20.287  ±0.010 

32.72  ±  0.39 

214Bi 

1238.11  ±0.012 

12.94  ±0.1 7 

214Bi 

1 377.669  ±  0.01 2 

8.87  ±0.1 5 

214Bi 

1 509.228  ±  0.01 5 

4.78  ±  0.09 

214Bi 

1 729.595  ±  0.01 5 

6.29  ±0.10 

214Bi 

1764.494  ±0.0 14 

34.23  ±  0.44 

214Bi 

1 847.42  ±  0.025 

4.52  ±  0.09 

(Continued) 
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TABLE  C.5  ( Continued ) 

Gamma  Rays  Emitted  by  226Ra  in  Equilibrium  with  Its 
Daughters  for  Efficiency  Calibration 


Isotope 

Gamma-Ray  Energy  (keV) 

Relative  Intensity 

214Bi 

2118.551  ±0.030 

2.53  ±  0.05 

214Bi 

2204.21 5  ±0.040 

10.77  ±0.20 

214Bi 

2447.86  ±0.1 00 

3.32  ±  0.08 

Source: 

Knoll,  G.  F.:  Radiation  Detection  and  Measurement,  4th  ed.,  2008. 
Copyright  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA.  Reproduced  with 

permission. 


TABLE  C.6 

Commonly  Used  Gamma-Rays  for  Efficiency  Calibration 

Isotope 

Half-Life 

Energy  (keV) 

Intensity 

^Na 

2.6  years 

1 274.5 

99.95 

24Na 

15  h 

1368.5 

100.0 

2754 

99.85 

^Sc 

83.7  days 

889.2 

99.98 

1120.5 

99.99 

54Mn 

312.5  days 

864.8 

99.98 

57Co 

272  days 

14.4 

9.6 

122.1 

85.6 

6°Co 

5.27  years 

1173.2 

99.88 

1332.5 

99.98 

85Sr 

64.8  days 

13.4 

50.7 

514 

99.28 

88y 

1 06.6  days 

14.2 

52.5 

1836.1 

99.4 

95Nb 

35.15  days 

765.8 

99.8 

"3Sn 

1 15.2  days 

24.1 

79.5 

131| 

8.02  days 

364.5 

82.4 

134Cs 

2.06  years 

604.6 

97.5 

137Cs 

30  years 

31.8/32.2 

5.64 

661.6 

85.3 

i9Ce 

137.6  days 

33.0./33.4 

64.1 

165.8 

80.0 

14,Ce 

32.5  days 

35.6/36.0 

12.6 

145.5 

48.4 

140  La 

40.27  h 

1596.6 

95.6 

198Au 

2.696  days 

411.8 

95.53 

203Hg 

46.6  days 

70.8/72.9 

10.1 

279.2 

81.3 

241  Am 

432  years 

59.5 

36.0 

Source:  Knoll,  G.  F.,  Radiation  Detection  and  Measurement,  4th  ed.,  2008.  Copyright  Wiley- 

VCH  Verlag  GmbH  &  Co.  KGaA.  Reproduced  with  permission. 
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Appendix  D:  Tables  of  Photon 
Attenuation  Coefficients* 


TABLE  D.1 

Total  Mass  Attenuation  Coefficients  in  cm2/ga  for  Gamma  and  X-Rays 

Photon 

Energy  (MeV) 

H 

Be 

C 

N 

O 

Na 

1 .00  -  02b 

3.85  -  01 

5.36-01 

2.17  +  00 

3.57  +  00 

5.58  +  00 

1.51  +01 

1 .50  -  02 

3.76-01 

2.68-01 

7.22  -  01 

1 .09  +  00 

1 .62  +  00 

4.37  +  00 

2.00  -  02 

3.69-01 

2.06-01 

3.88-01 

5.41  -01 

7.54  -  01 

1 .88  +  00 

3.00  -  02 

3.57-01 

1.71  -01 

2.30-01 

2.76  -  01 

3.35-01 

6.39-01 

4.00  -  02 

3.46-01 

1.59-01 

1.93-01 

2.12-01 

2.36  -  01 

3.55-01 

5.00  -  02 

3.35  -  01 

1.52-01 

1.79-01 

1.87-01 

1 .99  -  01 

2.54-01 

6.00  -  02 

3.26  -  01 

1.47-01 

1.70-01 

1 .74  -  01 

1.81  -01 

2.09-01 

8.00  -  02 

3.09  -  01 

1.39-01 

1.58-01 

1 .60  -  01 

1 .62  -  01 

1.70-01 

1 .00  -  01 

2.94  -  01 

1.32-01 

1.50-01 

1.50-01 

1.52-01 

1.52-01 

1.50-01 

2.65  -  01 

1.19-01 

1.34-01 

1.34-01 

1 .34  -  01 

1.31  -01 

2.00  -  01 

2.43  -  01 

1.09-01 

1.23-01 

1.23-01 

1 .23  -  01 

1.18-01 

3.00  -  01 

2.11  -01 

9.45  -  02 

1.07-01 

1.06-01 

1.07-01 

1 .02  -  01 

4.00  -  01 

1 .89  -  01 

8.47  -  02 

9.55  -  02 

9.54  -  02 

9.54  -  02 

9.14-02 

5.00  -  01 

1.73-01 

7.73  -  02 

8.72  -  02 

8.71  -  02 

8.71  -02 

8.34  -  02 

6.00  -  01 

1 .60  -  01 

7.15-02 

8.07  -  02 

8.05  -  02 

8.06  -  02 

7.72  -  02 

8.00  -  01 

1 .40  -  01 

6.29  -  02 

7.09  -  02 

7.08  -  02 

7.08  -  02 

6.78  -  02 

1 .00  +  00 

1 .26  -  01 

5.65  -  02 

6.37  -  02 

6.36  -  02 

6.37  -  02 

6.09  -  02 

1 .50  +  00 

1.03-01 

4.60  -  02 

5.19-02 

5.18-02 

5.18-02 

4.97  -  02 

2.00  +  00 

8.75  -  02 

3.94  -  02 

4.45  -  02 

4.45  -  02 

4.46  -  02 

4.28  -  02 

3.00  +  00 

6.91  -  02 

3.14-02 

3.57  -  02 

3.58  -  02 

3.60  -  02 

3.49  -  02 

4.00  +  00 

5.81  -  02 

2.66  -  02 

3.05  -  02 

3.07  -  02 

3.10-02 

3.04  -  02 

5.00  +  00 

5.05  -  02 

2.35  -  02 

2.71  -02 

2.74  -  02 

2.78  -  02 

2.76  -  02 

C Continued ) 


Mass  x-ray  and  photon  mass  attenuation  and  mass  energy  absorption  coefficients  for  Z  =  1-92  and  48  compounds  can  be  retrieved  from  the 
National  Institute  and  Standards  Technology  website  http://physics.nist.gov/PhysRefData/XrayMassCoef/cover.html 
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TABLE  D.1  ( Continued ) 

Total  Mass  Attenuation  Coefficients  in  cm2/ga  for  Gamma  and  X-Rays 


Al 

Si 

Fe 

Cu 

Pb 

Nal 

Ge 

6.00  +  00 

4.50  -  02 

2.12-02 

2.47  -  02 

2.51  -02 

2.55  -  02 

2.56  -  02 

8.00  +  00 

3.75  -  02 

1 .82  -  02 

2.16-02 

2.21  -02 

2.26  -  02 

2.32  -  02 

1 .00  +  01 

3.25  -  02 

1.63-02 

1 .96  -  02 

2.02  -  02 

2.09  -  02 

2.18-02 

1 .00  -  02 

2.58  +  01 

3.36  +  01 

1 .72  +  02 

2.23  +  02 

1 .28  +  02 

1.36  +  02 

3.74  +  01 

1 .50  -  02 

7.66  +  00 

9.97  +  00 

5.57  +  01 

7.33  +  01 

1.12  +  02 

4.59  +  01 

9.15  +  01 

2.00  -  02 

3.24  +  00 

4.19  +  00 

2.51  +01 

3.30  +  01 

8.34  +  01 

2.12  +  01 

4.22  +  01 

3.00  -  02 

1.03  +  00 

1.31  +00 

7.88  +  00 

1.06  +  01 

2.84  +  01 

6.86  +  00 

1.39  +  01 

4.00  -  02 

5.14-01 

6.35-01 

3.46  +  00 

4.71  +  00 

1.31  +01 

1 .89  +  01 

6.21  +00 

5.00  -  02 

3.34  -  01 

3.96-01 

1 .84  +  00 

2.50  +  00 

7.22  +  00 

1 .05  +  01 

3.34  +  00 

6.00  -  02 

2.55-01 

2.92-01 

1.13  +  00 

1 .52  +  00 

4.43  +  00 

6.42  +  00 

2.02  +  00 

8.00  -  02 

1.89-01 

2.07-01 

5.50-01 

7.18-01 

2.07  +  00 

3.00  +  00 

9.50  -  01 

1.00-01 

1.62-01 

1.73-01 

3.42  -  01 

4.27-01 

5.23  +  00 

1 .64  +  00 

5.55-01 

1 .50  -  01 

1.34-01 

1 .40  -  01 

1 .84  -  01 

2.08-01 

1 .89  +  00 

5.90  -  01 

2.49  -  01 

2.00  -  01 

1.20-01 

1.25-01 

1.39-01 

1.48-01 

9.45  -  01 

3.14-01 

1 .66  -  01 

3.00  -  01 

1.03-01 

1.07-01 

1.07-01 

1 .08  -  01 

3.83-01 

1.58-01 

1.13-01 

4.00  -  01 

9.22  -  02 

9.54  -  02 

9.21  -02 

9.19-02 

2.20-01 

1.12-01 

9.33  -  02 

5.00  -  01 

8.41  -  02 

8.70  -  02 

8.29  -  02 

8.22  -  02 

1.54-01 

9.21  -  02 

8.21  -02 

6.00  -  01 

7.77  -  02 

8.05  -  02 

7.62  -  02 

7.52  -  02 

1.20-1 

8.02  -  02 

7.45  -  02 

8.00  -  01 

6.83  -  02 

7.06  -  02 

6.65  -  02 

6.55  -  02 

8.56  -  02 

6.63  -  02 

6.43  -  02 

1 .00  +  00 

6.14-02 

6.35  -  02 

5.96  -  02 

5.86  -  02 

6.90  -  02 

5.80  -  02 

5.73  -  02 

1 .50  +  00 

5.00  -  02 

5.18-02 

4.87  -  02 

4.79  -  02 

5.10-02 

4.66  -  02 

4.66  -  02 

2.00  +  00 

4.32  -  02 

4.48  -  02 

4.25  -  02 

4.19-02 

4.50  -  02 

4.12-02 

4.09  -  02 

3.00  +  00 

3.54  -  02 

3.68  -  02 

3.62  -  02 

3.59  -  02 

4.16-02 

3.66  -  02 

3.52  -  02 

4.00  +  00 

3.11  -02 

3.24  -  02 

3.31  -  02 

3.32  -  02 

4.14-02 

3.50  -  02 

3.28  -  02 

5.00  +  00 

2.84  -  02 

2.97  -  02 

3.14-02 

3.18-02 

4.24  -  02 

3.46  -  02 

3.16-02 

6.00  +  00 

2.66  -  02 

2.79  -  02 

3.05  -  02 

3.10-02 

4.34  -  02 

3.47  -  02 

3.11  -02 

8.00  +  00 

2.44  -  02 

2.57  -  02 

2.98  -  02 

3.06  -  02 

4.59  -  02 

3.55  -  02 

3.10-02 

1.00  +  01 

2.31  -02 

2.46  -  02 

2.98  -  02 

3.08  -  02 

Muscle, 

4.84  -  02 

3.68  -  02 

3.16-02 

Air 

H20 

Compact  Bone 

Striated 

Concrete 

Pyrex  Glass 

Lucite  (C5H802)„ 

1 .00  -  02 

4.82  +  00 

4.99  +  00 

2.00  +  01 

5.09  +  00 

2.65  +  01 

1.67  +  01 

3.11  +00 

1 .50  -  02 

1 .45  +  00 

1 .48  +  00 

6.15  +  00 

1 .53  +  00 

8.01  +00 

4.95  +  00 

9.82  -  01 

2.00  -  02 

6.91  -01 

7.11  -01 

2.68  +  00 

7.31  -01 

3.45  +  00 

2.13  +  00 

5.03  -  01 

3.00  -  02 

3.18-01 

3.38-01 

9.07-01 

3.42  -  01 

1.12  +  00 

7.24  -  01 

2.74-01 

4.00  -  02 

2.29  -  01 

2.48-01 

4.78-01 

2.49-01 

5.59-01 

3.94  -  01 

2.19-01 

5.00  -  02 

1.96-01 

2.14-01 

3.27-01 

2.14-01 

3.61  -01 

2.77  -  01 

1.98-01 

6.00  -  02 

1.79-01 

1.97-01 

2.58-01 

1.97-01 

2.73-01 

2.25  -  01 

1.86-01 

8.00  -  02 

1 .62  -  01 

1.79-01 

2.00-01 

1.78-01 

2.00-01 

1 .80  -  01 

1.72-01 

1.00-01 

1.51  -01 

1.68-01 

1.74-01 

1.66-01 

1.70-01 

1.60-01 

1.62-01 

1.50-01 

1.34-01 

1 .49  -  01 

1.47-01 

1.48-01 

1.40-01 

1.36-01 

1 .45  -  01 

2.00  -  01 

1.23-01 

1.36-01 

1.32-01 

1.35-01 

1.25-01 

1.23-01 

1.32-01 

3.00  -  01 

1 .06  -  01 

1.18-01 

1.14-01 

1.17-01 

1.07-01 

1.06-01 

1.15-01 

4.00  -  01 

9.53  -  02 

1 .06  -  01 

1.01  -01 

1.05-01 

9.58  -  02 

9.50  -  02 

1.03-01 

5.00  -  01 

8.70  -  02 

9.67  -  02 

9.25  -  02 

9.59  -  02 

8.73  -  02 

8.67  -  02 

9.41  -  02 

6.00  -  01 

8.05  -  02 

8.95  -  02 

8.56  -  02 

8.87  -  02 

8.07  -  02 

8.02  -  02 

8.70  -  02 

8.00  -  01 

7.07  -  02 

7.86  -  02 

7.51  -02 

7.79  -  02 

7.09  -  02 

7.04  -  02 

7.65  -  02 

1 .00  +  00 

6.36  -  02 

7.07  -  02 

6.75  -  02 

7.00  -  02 

6.37  -  02 

6.33  -  02 

6.87  -  02 

1 .50  +  00 

5.18-02 

5.75  -  02 

5.50  -  02 

5.70  -  02 

5.19-02 

5.16-02 

5.59-02 

( Continued) 
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TABLE  D.1  ( Continued ) 

Total  Mass  Attenuation  Coefficients  in  cm2/ga  for  Gamma  and  X-Rays 


Muscle, 


Air 

H20 

Compact  Bone 

Striated 

Concrete 

Pyrex  Glass 

Lucite  (C5H802), 

2.00  +  00 

4.45  -  02 

4.94  -  02 

4.73  -  02 

4.89  -  02 

4.48  -  02 

4.44  -  02 

4.80  -  02 

3.00  +  00 

3.58  -  02 

3.97  -  02 

3.83  -  02 

3.93  -  02 

3.65  -  02 

3.61  -  02 

3.85  -  02 

4.00  +  00 

3.08  -  02 

3.40  -  02 

3.31  -02 

3.37  -  02 

3.19-02 

3.14-02 

3.29  -  02 

5.00  +  00 

2.75  -  02 

3.03  -  02 

2.97  -  02 

3.00  -  02 

2.90  -  02 

2.84  -  02 

2.92  -  02 

6.00  +  00 

2.52  -  02 

2.77  -  02 

2.74  -  02 

2.74  -  02 

2.70  -  02 

2.63  -  02 

2.66  -  02 

8.00  +  00 

2.23  -  02 

2.43  -  02 

2.44  -  02 

2.40  -  02 

2.45  -  02 

2.37  -  02 

2.32  -  02 

1.00  +  01 

2.04  -  02 

2.22  -  02 

2.26  -  02 

2.19-02 

2.31  -02 

2.22  -  02 

2.11  -02 

Source:  Hubbell,  J.  H.  Photon  cross  sections,  attenuation  coefficients,  and  energy  absorption  coefficients  from  10  keV  to  100  GeV,  NSRDS-NBS  29  C 
(1969). 

a  Multiply  by  1 0-'  to  obtain  m2/kg. 
b  Read  x  1 0~2. 


TABLE  D.2 

Mass  Energy  Absorption  Coefficients  in  cm2/ga  for  Gamma  and  X-Rays 


Na 


Photon 

Energy  (MeV) 

H 

0.01 

0.00986 

0.015 

0.0110 

0.02 

0.0135 

0.03 

0.0185 

0.04 

0.0231 

0.05 

0.0271 

0.06 

0.0306 

0.08 

0.0362 

0.10 

0.0406 

0.15 

0.0481 

0.2 

0.0525 

0.3 

0.0569 

0.4 

0.0586 

0.5 

0.0593 

0.6 

0.0587 

0.8 

0.0574 

1.0 

0.0555 

1.5 

0.0507 

2 

0.0464 

3 

0.0398 

4 

0.0352 

5 

0.0317 

6 

0.0290 

8 

0.0252 

10 

0.0225 

Al 

0.01 

25.5 

0.015 

7.47 

Be 

C 

0.368 

1.97 

0.104 

0.536 

0.0469 

0.208 

0.0195 

0.0594 

0.0146 

0.0306 

0.0142 

0.0233 

0.0147 

0.021 1 

0.0166 

0.0205 

0.0184 

0.0215 

0.0216 

0.0245 

0.0235 

0.0265 

0.0255 

0.0287 

0.0262 

0.0295 

0.0265 

0.0297 

0.0263 

0.0295 

0.0256 

0.0288 

0.0248 

0.0279 

0.0227 

0.0255 

0.0208 

0.0234 

0.0180 

0.0204 

0.0161 

0.0185 

0.0148 

0.0171 

0.0138 

0.0161 

0.0123 

0.0147 

0.0114 

0.0138 

Si 

Fe 

33.3 

142 

9.75 

49.3 

N 

O 

3.38 

5.39 

0.908 

1.44 

0.362 

0.575 

0.105 

0.165 

0.0493 

0.0733 

0.0319 

0.0437 

0.0256 

0.0322 

0.0223 

0.0249 

0.0224 

0.0237 

0.0247 

0.0251 

0.0267 

0.0268 

0.0287 

0.0288 

0.0295 

0.0295 

0.0296 

0.0297 

0.0295 

0.0296 

0.0289 

0.0289 

0.0279 

0.0278 

0.0255 

0.0254 

0.0234 

0.0234 

0.0205 

0.0206 

0.0186 

0.0188 

0.0173 

0.0175 

0.0163 

0.0166 

0.0151 

0.0155 

0.0143 

0.0148 

Cu 

Pb 

160 

127 

59.4 

91.7 

14.9 

4.20 

1.70 

0.475 

0.199 

0.106 

0.0668 

0.0382 

0.0297 

0.0260 

0.0264 

0.0277 

0.0284 

0.0285 

0.0284 

0.0275 

0.0266 

0.0243 

0.0225 

0.0199 

0.0184 

0.0174 

0.0161 

0.0159 

0.0155 

Air  Ge 

4.61  35.64 

1 .27  62.56 

0 Continued ) 
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TABLE  D.2  ( Continued ) 

Mass  Energy  Absorption  Coefficients  in  cm2/ga  for  Gamma  and  X-Rays 

Al 

Si 

Fe 

Cu 

Pb 

Air 

Ge 

0.02 

3.06 

4.01 

22.8 

28.2 

69.1 

0.511 

31.78 

0.03 

0.868 

1.14 

7.28 

9.50 

24.6 

0.148 

11.26 

0.04 

0.357 

0.472 

3.17 

4.24 

11.8 

0.0668 

5.152 

0.05 

0.184 

0.241 

1.64 

2.22 

6.54 

0.0406 

2.759 

0.06 

0.111 

0.144 

0.961 

1.32 

4.08 

0.0305 

1.642 

0.08 

0.0562 

0.0700 

0.414 

0.573 

1.86 

0.0243 

0.7184 

0.10 

0.0386 

0.0459 

0.219 

0.302 

2.28 

0.0234 

0.3803 

0.15 

0.0285 

0.0312 

0.0814 

0.106 

1.15 

0.0250 

0.1288 

0.2 

0.0276 

0.0292 

0.0495 

0.0597 

0.629 

0.0268 

0.0686 

0.3 

0.0282 

0.0294 

0.0335 

0.0370 

0.259 

0.0287 

0.0389 

0.4 

0.0287 

0.0298 

0.0308 

0.0318 

0.143 

0.0295 

0.0319 

0.5 

0.0286 

0.0298 

0.0295 

0.0298 

0.0951 

0.0296 

0.0293 

0.6 

0.0286 

0.0295 

0.0286 

0.0286 

0.0710 

0.0295 

0.0279 

0.8 

0.0277 

0.0288 

0.0273 

0.0271 

0.0481 

0.0289 

0.0261 

1.0 

0.0269 

0.0277 

0.0262 

0.0258 

0.0377 

0.0278 

0.0248 

1.5 

0.0245 

0.0253 

0.0237 

0.0233 

0.0271 

0.0254 

0.0224 

2 

0.0226 

0.0234 

0.0220 

0.0217 

0.0240 

0.0234 

0.0209 

3 

0.0202 

0.0210 

0.0204 

0.0202 

0.0234 

0.0205 

0.01 98 

4 

0.0188 

0.0196 

0.0199 

0.0200 

0.0245 

0.0186 

0.0196 

5 

0.0179 

0.0187 

0.0198 

0.0200 

0.0259 

0.0174 

0.0198 

6 

0.0172 

0.0182 

0.0199 

0.0202 

0.0272 

0.0164 

0.0203 

8 

0.0168 

0.0177 

0.0204 

0.0209 

0.0294 

0.0152 

0.0121 

10 

0.0165 

0.01 75 

0.0209 

0.0215 

0.0310 

0.0145 

0.0221 

Muscle, 

h2o 

Compact  Bone 

Striated 

Concrete 

Pyrex  Glass 

Lucite  (C5H802)„ 

0.01 

4.79 

19.2 

4.87 

25.5 

16.5 

2.91 

0.015 

1.28 

5.84 

1.32 

7.66 

4,75 

0.783 

0.02 

0.512 

2.46 

0.533 

3.22 

1.94 

0.310 

0.03 

0.149 

0.720 

0.154 

0.936 

0.554 

0.0899 

0.04 

0.0677 

0.304 

0.0701 

0.393 

0.232 

0.0437 

0.05 

0.0418 

0.161 

0.0431 

0.204 

0.122 

0.0301 

0.06 

0.0320 

0.0998 

0.0328 

0.124 

0.0768 

0.0254 

0.08 

0.0262 

0.0537 

0.0264 

0.0625 

0.0428 

0.0232 

0.10 

0.0256 

0.0387 

0.0256 

0.0424 

0.0325 

0.0238 

0.15 

0.0277 

0.0305 

0.0275 

0.0290 

0.0274 

0.0266 

0.2 

0.0297 

0.0301 

0.0294 

0.0290 

0.0276 

0.0287 

0.3 

0.0319 

0.0310 

0.0317 

0.0295 

0.0289 

0.0310 

0.4 

0.0328 

0.0315 

0.0325 

0.0298 

0.0295 

0.0318 

0,5 

0.0330 

0.0317 

0.0328 

0.0300 

0.0297 

0.0322 

0.6 

0.0329 

0.0314 

0.0325 

0.0297 

0.0294 

0.0319 

0.8 

0.0321 

0.0306 

0.0318 

0.0289 

0.0287 

0.0311 

1.0 

0.0309 

0.0295 

0.0306 

0.0279 

0.0277 

0.0301 

1.5 

0.0282 

0.0270 

0.0280 

0.0254 

0.0252 

0.0275 

2 

0.0260 

0.0249 

0.0257 

0.0235 

0.0233 

0.0253 

3 

0.0227 

0.0219 

0.0225 

0.0209 

0.0207 

0.0220 

4 

0.0206 

0.0200 

0.0204 

0.01 93 

0.0190 

0.0199 

( Continued) 
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TABLE  D.2  ( Continued ) 

Mass  Energy  Absorption  Coefficients  in  cm2/ga  for  Gamma  and  X-Rays 


Muscle, 


h2o 

Compact  Bone 

Striated 

Concrete 

Pyrex  Glass 

Lucite  (C5Hs02), 

5 

0.0191 

0.0187 

0.01 89 

0.0182 

0.0179 

0.0184 

6 

0.01 80 

0.01 78 

0.01 78 

0.0176 

0.0171 

0.0173 

8 

0.01 66 

0.0167 

0.01 64 

0.0168 

0.0163 

0.0158 

10 

0.0157 

0.0159 

0.0155 

0.0163 

0.0157 

0.0148 

Source:  Hubbell,  J.  H.  Photon  cross  sections,  attenuation  coefficients,  and  energy  absorption  coefficients  from  10  keV  to  WO  GeV,  NSRDS-NBS  29  C 
(1969). 

a  Multiply  by  1 0-1  to  obtain  m2/kg. 


www.Ebook777.com 


This  page  intentionally  left  blank 


www.Ebook777.com 


Appendix  E:  Table  of  Buildup 
Factor  Constants* 


TABLE  E.1 

Coefficients  of  the  Berger  Equation  for  Dose  Buildup  Factors 


8  =  1+  a  ur  exp(b  |ir)a 

Concrete15  Airc  Water'  Iron  Lead 


E  (MeV) 

a 

b 

a 

b 

a 

b 

a 

b 

a 

b 

0.015 

0.01 

-0.029 

0.08 

-0.034 

0.09 

-0.036 

0.00 

0.000 

0.00 

0.000 

0.02 

0.03 

-0.041 

0.23 

-0.032 

0.26 

-0.032 

0.02 

-0.032 

0.00 

0.000 

0.03 

0.10 

-0.036 

0.93 

-0.009 

1.01 

-0.006 

0.01 

-0.036 

0.00 

0.000 

0.04 

0.26 

-0.035 

2.40 

0.018 

2.58 

0.024 

0.02 

-0.032 

0.01 

-0.066 

0.05 

0.52 

-0.026 

4.05 

0.050 

4.36 

0.057 

0.04 

-0.034 

0.01 

-0.046 

0.06 

0.78 

-0.008 

5.27 

0.075 

5.59' 

0.082 

0.07 

-0.039 

0.01 

-0.028 

0.08 

1.42 

0.007 

6.11 

0.102 

6.47 

0.108 

0.14 

-0.034 

0.02 

-0.029 

0.1 

1.83 

0.028 

5.93 

0.113 

6.11 

0.120 

0.24 

-0.030 

0.20 

0.479 

0.15 

2.19 

0.054 

4.70 

0.121 

4.88 

0.125 

0.52 

-0.015 

0.21 

-0.075 

0.2 

2.20 

0.065 

3.94 

0.113 

4.13 

0.118 

0.77 

0.004 

0.08 

-0.054 

0.3 

2.03 

0.067 

3.10 

0.094 

3.18 

0.096 

1.06 

0.022 

0.08 

-0.040 

0.4 

1.87 

0.061 

2.61 

0.079 

2.67 

0.080 

1.15 

0.033 

0.11 

-0.033 

0.5 

1.73 

0.055 

2.29 

0.067 

2.32 

0.068 

1.16 

0.036 

0.15 

-0.028 

0.6 

1.60 

0.049 

2.05 

0.058 

2.07 

0.059 

1.14 

0.036 

0.19 

-0.024 

0.8 

1.41 

0.040 

1.71 

0.045 

1.74 

0.045 

1.09 

0.032 

0.25 

-0.019 

1 

1.27 

0.032 

1.50 

0.035 

1.50 

0.036 

1.03 

0.028 

0.30 

-0.015 

1.5 

1.02 

0.021 

1.16 

0.021 

1.16 

0.021 

0.88 

0.020 

0.36 

-0.007 

2 

0.89 

0.014 

0.97 

0.013 

0.97 

0.013 

0.76 

0.018 

0.38 

0.004 

3 

0.71 

0.007 

0.75 

0.005 

0.74 

0.005 

0.66 

0.014 

0.37 

0.019 

4 

0.59 

0.004 

0.61 

0.001 

0.62 

0.000 

0.56 

0.015 

0.31 

0.038 

5 

0.49 

0.004 

0.53 

-0.002 

0.52 

0.002 

0.49 

0.017 

0.24 

0.062 

6 

0.45 

0.002 

0.47 

-0.004 

0.47 

-0.005 

0.42 

0.021 

0.19 

0.082 

8 

0.36 

0.001 

0.37 

-0.004 

0.38 

-0.006 

0.33 

0.028 

0.11 

0.125 

10 

0.30 

0.003 

0.31 

-0.004 

0.31 

-0.005 

0.25 

0.039 

0.07 

0.161 

15 

0.21 

0.004 

0.23 

-0.006 

0.23 

-0.008 

0.15 

0.066 

0.00 

0.000 

a  Good  up  to  40  mean  free  paths,  for  point  isotropic  source  in  infinite  medium. 
b  From  Chilton,  A.  B.,  Nud.  Set  Eng.  69:436;1979. 

c  From  Chilton,  A.  B.,  Eisenhauer,  C.  M.  and  Simmons,  G.  L.  Nud.Sci.  Eng.  73:97;1 980. 
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